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ABSTRACT
In this dissertation, several factors that could influence the thermodynamic stability of
DNA i-motif (iM) structures were systematically studied. DNA iMs are tetraplexes formed from
intercalated cytosines. Both physiological and non-physiological roles of DNA iMs are
expounded in chapter 1.
In Chapter 2, we have assessed the correlation between frequency of occurrence of 5hydroxymethyl cytosine (5hmC) and iM-forming potential of a gene. Both 5hmCs and iMs are
gene regulatory elements; whether they could function in synergy to regulate gene expression
was not known. Our results suggested that very few iM-forming sequences undergo 5hydroxymethyation and these sequences participate primarily in cell division and development.
In Chapter 3, we evaluated the effects of epigenetic modification, macromolecular
crowding, and degree of hydration on the thermodynamic stability of iMs. Understanding effects
of epigenetic modification, crowding, and hydration on iM structure has applications in both
physiology as well as in fine-tuning nano-devices that are based on conformational dynamics of
iMs. Our results indicated that 5hmC destabilizes the iMs against thermal and pH-dependent
melting; contrarily, 5-methycytosine stabilizes the iMs. Under crowding conditions the thermal
stability of iMs increases and pKa shifts from acidic to neutral. Lastly, the iM’s stability at
varying degrees of hydration indicated that the iMs are stabilized by releasing water molecules
when folded.
ii

In Chapter 4, the energetic contributions of transcription factor binding to the formation
of i-motif structure were quantified. DNA iMs are higher energy structures than duplex DNA
and yet they can occur in vivo. Our results show that transcription factor (Poly cytosine binding
protein 2) binding can contribute significantly to a part of energy required for the formation of
iMs.
In Chapter 5, two different fluorescent anologs of deoxycytidine — Pyrrolo-dC (PdC)
and 1,3-diaza-2-oxophenoxazine (tC°) were evaluated to report on structural transitions from
duplex DNA to other secondary structures. Our results show that PdC is advantageous in
fluorescence lifetime studies because of a distinct ~2 ns change between paired and unpaired
bases. However, tC° is a better probe for FDCD that report on the helical structure of DNA
surrounding the fluorophore. Both fluorophores provided complementary data to measure DNA
structural transitions.
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CHAPTER 1
INTRODUCTION
1.1. Overview
In addition to most commonly known Watson–Crick duplex DNA structure, DNA can
exist in several non-canonical conformations, such as triplexes, cruciform, and tetraplexes
(Frank-Kamenetskii & Mirkin, 1995; Panayotatos & Wells, 1981; Simonsson & Sjöback, 1999).
The G-quadruplexes (G4s) and intercalated motifs (iMs) are tetraplex structures formed from
guanine-rich (G-rich) and complementary cytosine-rich (C-rich) sequences, respectively (Burge,
Parkinson, Hazel, Todd, & Neidle, 2006; J.-L. Leroy, 2009). The putative G4/iM-forming
sequences are known occur abundantly near the transcription start sites (TSS) of several genes
(Zhao, Du, & Li, 2007b); and due to their topological variance from the duplexed DNA, the G4s
and iMs have been perceived as targets for binding of drugs as well as transcription factors to
regulate gene expression (Düchler, 2012).
Despite their discovery in 1960s, the existence of G4s and iMs in living cells remained a
topic of great controversy until recently when the formation of guanine quadruplexes (G4s) in
human cells has been reported by Biffi et al., (Biffi, Tannahill, McCafferty, & Balasubramanian,
2013a) by developing a structure-specific antibody for quantitatively visualizing G4s. This
confirmation of existence of G4s in vivo has significantly increased the importance of G4s and
1

iMs in biological roles, especially in transcriptional regulation and drug targeting. Along
with being drug targets G4 and iM- based biopolymers are being preferred over synthetic
polymers in therapeutic applications like drug delivery vehicles and biosensors due to their nontoxic and bio-compatible properties (Chen, Zhou, Geng, Ren, & Qu, 2013; Peng et al., 2009).
The G4s/iMs are also integrated in several nano-devices, nano-circuitry and nano-mechanical
motors (Dongsheng Liu et al., 2006). Thus the applications G4s and iMs have gone beyond the
conventional gene regulatory role.
In order to better understand the exact mechanism of gene regulation by of G4s/iMs, as
well to employ them efficiently in non-physiological applications, it is essential to understand the
mechanism of formation of G4/iMs as well as the factors that can influence their assembly
dynamics. This dissertation will concern itself with the evaluation of effects of epigenetic
modifications, hydration, and macromolecular crowding and transcription factor binding on the
thermodynamics of folding/unfolding of iM structures.
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Specific Aims of this Dissertation

Specific Aim 1: Specific aim 1 is to examine the genome-wide co-localization of
putative G4s (pG4s) and putative iMs (piMs) with 5-hydroxymethly cytosines (5hmC) in human
embryonic stem cells (hESCs) in order to evaluate the correlation between 5hmC enrichment and
iM-forming potential, as well as to generate a library of genomic loci where 5hmC modifications
occur within the G4/iM-forming sequences.

The pG4s/piMs occur abundantly near the transcription start sites of several genes and
are known to regulate gene expression (Palumbo et al., 2008; Zhao et al., 2007b). In mammalian
cells, the cytosines near the TSS of several genes are susceptible to two different epigenetic
modifications, methylation and hydroxymethylation (Pastor et al., 2011). The 5hmCs are
particularly known to be enriched near the TSS of several genes in hESCs (Pastor et al., 2011).
Thus, like iMs , (i) 5hmCs occur abundantly near the TSS of several genes and (ii) are involved
in gene regulation. Hence, we investigated the genomic co-localization of iMs and 5hmCs to
further assess the possibility that these two elements might play an interdependent role in
regulating genes in hESC.

Our results indicate that amongst 15,760 pG4/piM-forming genes, only 15% have
5hmCs associated with them. A detailed analyses of pG4/piM-forming genes enriched in 5hmC
indicate that most of these genes are associated with cell differentiation, proliferation, apoptosis
and embryogenesis. The library generated from our analysis is an important resource for
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investigators exploring the interdependence of these DNA features in regulating expression of
selected genes in hESC.

Specific Aim 2: Specific aim 2 is to examine the effects of epigenetic modifications,
molecular crowding, and degree of hydration on the temperature and pH-dependent stability of
iMs.
Depending on the genes, G4s and iMs can either enhance or suppress gene expression.
For example, the myo D dependent expression is enhanced when G4s/iMs are present in the
promoter of muscle genes (Shklover, Weisman-Shomer, Yafe, & Fry, 2010); contrarily, the gene
expression is suppressed when the transcription activity of RNA polymerase is arrested as it
encounters G4s/iMs in the promoter of c-myb genes (Palumbo et al., 2008). Due to such
differential regulatory roles, the mechanism of regulation of gene expression via G4s/iMs is
difficult to discern. However, the factors affecting the stability of iMs and G4s can provide some
additional insights into the formation, stability, and the differential regulatory roles of iMs.
Hence we studied the effects of epigenetic modifications, crowding conditions, and degree of
hydration to better understand the folding dynamics of iMs.
To date there has been no thorough physical chemical studies that document the changes
that occur in a potential iM-forming sequence if the intercalated cytosines are methylated or
hydroxymethylated. The epigenetic modifications can alter not only alter the stability and
conformation of iMs but also alter the binding of drugs and transcription factors to iMs due to
the modification of the recognition sequence, and hence should be accounted for while studying
regulation by G4/iMs. Along with epigenetic modifications, the cellular environment also
4

influences the stability of G4s/iMs. Crowding agents/cosolutes constitute about 20-40% of
cellular volume. The effects of co-solvents and crowding agents on the stabilities of DNA
triplexes, G-quadruplexes, and hairpin structures have been elaborately presented by Chaires
(Spink & Chaires, 1999), et.al and Sugimoto (D. Miyoshi, Karimata, & Sugimoto, 2006; Daisuke
Miyoshi & Sugimoto, 2008), but i-motifs were not examined. These groups showed duplexes are
destabilized while G4s are stabilized by dehydration. Hence, along with epigenetic
modifications, we evaluated the effects of dehydration as well as molecular crowding on the pH
and temperature dependent stability of iMs.
For epigenetically modified iMs, our results indicate that 5-hydroxymethylation of
cytosines destabilized the iMs against thermal and pH-dependent melting; contrarily, 5methycytosine had little or no effect. Under molecular crowding conditions (PEG-300, 40%
w/v), the thermal stability of iMs increased by ~ 10 °C and the pKa was raised from 6.1 (±0.1) to
7.0 (±0.1). Lastly, the iMs stability at varying the degrees of hydration in 1,2- dimethoxyethane,
2-methoxyethanol, 1,3-propanediol, ethylene glycol, and glycerol co-solvents indicated that the
iMs are stabilized by releasing water molecules. The above results imply that it is essential to
account for the effects of epigenetic modifications and molecular crowding and hydration on iM
conformation while studying the mechanism of folding and unfolding of iMs.
Specific Aim 3: Specific aim 3 is to estimate the energy contributed by transcription
factor binding to stabilizing the iM conformation of DNA.
Lane et al.(Lane, Chaires, Gray, & Trent, 2008) compared the free energy needed to open
the dsDNA to its single strands with the energy gain upon formation of G4s and iMs. The
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difference was 20−30 kcal/mol. Thus formation of G4s/iMs, by itself, is a thermodynamically
unfavourable process and would require the energy contributions from other processes, such as
transcription factor binding. The dissociation constants of ~10-14 M correspond to the free energy
of96 ~20 kcal/mol. A Kd that low is very improbable for a protein-DNA binding interaction.
Hence, we hypothesized that the proteins binding specifically to iMs can contribute only partly
towards the free energy required to confer the stability to iMs. In order to quantify the
contribution of transcription factor binding to the stability of iMs, we measured the Kd for the
binding of PCBP2 (Poly Cytosine Binding Protein 2) to the DNA iM-forming sequence from the
promoter region of the c-myc gene.
PCBP2 protein is composed of three K-homology domains that are known to
independently bind to the cytosine-rich DNA (Du et al., 2005). Since the formation of iMs in
dilute solution can be achieved only at acidic pH (full folding around pH 5.4), the transcription
factor used in order to conduct the binding experiment was required to be stable at acidic pH.
The KH-domains from PCBP2 were ideal for this experiment since they bind to iM-forming
sequences and were stable and pH 5.4 (Du et al., 2005).
The results from the binding curve obtained after analysing the electrophoretic-mobility
shift assays (EMSA) from the iM-PCBP2 binding interactions indicated that the dissociation
constants for PCBP2-iM interactions were ~ 230 nM; this translated in to the free energy of ~ 10
kcal/mol suggesting that transcription factor binding could significantly contribute towards the
energy required for stabilizing iM structures over the duplexes.
Specific Aim 4: Specific aim 4 is to identify a fluorescent an analog of deoxycytosine as
a reporter molecule to map the mechanism of transition of duplex DNA in to single stranded (ss)
6

tetraplex DNA
Locating an appropriate probe that could map the mechanistic aspects of transition of
double stranded (ds) DNA to single stranded (ss) secondary structure is a first step toward
monitoring the formation of complex, higher-order structures since ssDNA is an intermediate in
the pathway to functional structures. Numerous fluorescent analogs of DNA bases have been
evaluated for examining the subtleties of DNA transitions (Kimoto, Mitsui, Yokoyama, & Hirao,
2010; Rist & Marino, 2002; Sandin, Börjesson, et al., 2008; Sandin et al., 2005). In this chapter,
we present a comparative study of two deoxycytidine analogs, Pyrrolo-dC (PdC) and 1,3-diaza2-oxophenoxazine (tCO), to evaluate their suitability as fluorescent reporter probes for DNA
transitions. These flurophores were incorporated into ssDNA oligos capable of forming hairpins,
and the transition from random coil to hairpins were monitored using fluorescence lifetime
experiments as well as via fluorescence detected circular dichroism (FDCD) experiments.
Our results suggested that the tC° has a very good quantum yield that allows for FDCD
analysis; however it exhibits only minor changes in fluorescence lifetime between ss- or dsDNA.
The PdC, on other hand, undergoes a substantial decrease in the fluorescence lifetime when basepaired, but shows no FDCD signal at concentrations appropriate for most biochemical studies.
Hence, we conclude that to map the transition of duplex DNA to other functional forms, both
PdC and tC° can be used, depending on the structural information desired
Summary: In this dissertation we have primarily evaluated the effects of (i) epigenetic
modification, molecular crowding, and degree of hydration on the thermodynamics of iMfolding/unfolding in order to better understand the mechanism of gene regulation by iMs as well
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as to use them effectively in nano-devices. Our results indicated that each of the evaluated
factors significantly changed the thermodynamic parameters associated with folding/unfolding of
iMs. We have also quantified the contribution of transcription factor binding to promote the
formation of energetically unfavourable iMs. Lastly, we have identified the fluorescent analogs
of deoxycyttosine to replace the intercalating bases in iMs. These fluorescent analogs will be
used to report on structural transitions of iMs in future studies.

1.2. Introduction
Atypical forms of DNA secondary structures formed near the TSS of genes are known to
be transcriptional regulator of genes; examples of such structures include the G4s and iMs
formed from guanine-rich and cytosine-rich sequences, respectively. Gellert et al., (Gellert,
Lipsett, & Davies, 1962) in 1962 showed that four guanine bases can hydrogen bond with each
other to form G-tetrads (Figure 1.1a). Further, Arnott et al.,(Arnott, Chandrasekaran, & Marttila,
1974) in 1974 showed that the array of G-terads stack to form G4s (Figure 1.1b). Around the
same time when G-tetrads were discovered the foundation of discovery of iMs was laid (in 1963)
when Langridge and Rich proposed that two cytosines could hydrogen bond to form
hemiprotonated structure (Figure 1.1c) (Langridge & Rich, 1963).

However, it was only in

1985 that Brown et al., (Brown, Gray, Patrick, & Ratliff, 1985) were able to establish the
structure of iMs (Figure 1.1d) using circular dichroism spectroscopy. Ever since these
discoveries, the existence of G4s and iMs in living cells has remained a topic of great
controversy, and the formation of guanine quadruplexes (G4s) in human cells has been only
recently reported by Biffi et al., (Biffi et al., 2013a) by developing a structure-specific antibody
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for quantitatively visualizing

G4s. This confirmation of existence of G4s in vivo has

significantly increased the importance of G4s and iMs in biological roles, especially in
transcriptional regulation and drug targeting.

Figure 1.1: (a) G-tetrad formation that form the basis of the G4 structure with the hydrogens participating
in hydrogen-bonding highlighted in red; (b) a cartoon of a G4 structure; (c) C-C+ hydrogen bond that
forms the basis of the i-motif stability with the shared proton highlighted in red; (d) a cartoon of an iM
structure.

1.3. Physiological roles of i-motifs
Promoter G4s/iMs as Drug targets: The G4/iM-forming sequences occur abundantly
near the transcription start sites of several genes (Zhao et al., 2007b). G4s and iMs located in the
promoter regions regulate gene expression and hence are attractive therapeutic targets
9

(Balasubramanian, Hurley, & Neidle, 2011; Düchler, 2012; Neidle & Read, 2000). The MYC,
KIT, KRAS, MYB, BCL-2, VEGF, PDGFA, RB1 and TERT genes are some of the widely studied
oncogenes having G4/iM-forming sequences in their promoter regions (Balasubramanian et al.,
2011; Düchler, 2012; Neidle & Read, 2000). The G4s occurring in these genes adopt various
conformations; however, the common features like G-tetrads and planarity are being used to
develop small molecules that can bind to these planar platforms and silence genes. Some of the
most common molecules used in regulating the gene expression by binding to G4s are TMPyP 4
and TMPyP2, trisubstituted isoalloxazines, Se2SAP, and Quarfloxin (Bejugam et al., 2007;
Drygin et al., 2009; Seenisamy et al., 2004). The iMs are relatively newly discovered and hence
relatively less studied structures for the drug binding. However, there are transcription factors
like heterogeneous nuclear ribonuclear protein K (hnRNPK) that can bind to iMs in the promoter
region and regulate the gene expression.

Biosensors and drug delivery systems based on i-motifs
Several iM-based devices are being developed to sense intracellular pH changes as well
as detect other biomolecules. An example of one such detector includes iM-based probes for
estimating glucose levels. Increased glucose levels in blood/urine serve as a marker for
diagnosing diabetes (Sacks, 2011).

Li et al., (W. Li, Feng, Ren, Wu, & Qu, 2012) have

developed an iM-based glucose-level detection system, which is sensitive as well as selective.
The probe’s operation is based on the conformational switching of iMs and aggregation of gold
nanoparticles

(AuNPs).

In

the

absence

of

glucose,

the

C-rich

nucleotide

(5'-

CCCTAACCCTAACCCTAACCCT-3') has an extended ssDNA conformation at neutral pH. In
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this ssDNA conformation, the DNA protects the AuNPs from salt-induced aggregation (resulting
in a pink colored solution). However, in the presence of glucose and glucose oxidase, gluconic
acid is formed, which lowers the pH of the medium. At acidic pH, the C-rich strand adopts an iM
conformation, deprotecting the AuNPs and leading to their aggregation. The aggregation of the
AuNPs in high ionic-strength media causes the color change the AuNP solution from pink to
blue. The change in the color of AuNPs is used to estimate the concentration of glucose. This
probe can detect the glucose levels ranging from 0.5 μM to 5 mM. The high-sensitivity of this
probe is attributed to extremely high extinction coefficients of AuNPs and efficient
conformational switching of the C-rich nucleotide.
The iM- based devices are also being developed to conduct targeted drug delivery. For
example, Cheng et al., have demonstrated an assembly of pH-responsive, fast-acting hydrogels
based on iMs (Cheng et al., 2009). They have constructed a Y-shaped DNA structure formed
from 37-mer ssDNA. These ssDNA contain two functional domains: an 11-mer interlocking iM
domain containing two cytosine-rich stretches, and a 26-mer, which forms the double stranded
structure in the Y-shape (Figure 1.2). At basic pH, each individual Y-shaped unit is isolated from
the other. However, at acidic pH, the iM-forming strands assemble to form inter-molecular iMs.
This interlocked system results in the formation of three-dimensional structures in solution, and
to the formation of hydrogels. Cheng et al., have suggested that these structures can be used in
pH-sensitive drug-delivery system.

11

Figure 1.2: iM-based oligos forming Y-shaped structures. The iM-forming ends of Y-shaped DNA (a)
units form intermolecular iMs (b) in acidic conditions leading to the formation of hydrogels (c). Reused
with permission from (Cheng et al., 2009).

1.4. Non-physiological applications of i-motifs
Along with the above-mentioned physiological functions, the DNA iMs also find
applicability in several non-physiological applications. These applications range from nanomechanical motors to nano-circuitry. For example, Pu et al., (Pu et al., 2010) have developed a
supramolecular complex based on iMs that is capable of performing multiplex logical operations.
The ability iMs/G4s to undergo conformational variation (from tetraplex to duplex) in response
to temperature and/or pH stimuli is harnessed to operate these logic gates and the system can
perform multiple logic functions by using distinct input signals.
1.5. Summary
In this chapter, we have discussed the specific aims of this dissertation. We have also
provided a brief overview of G4/iM discovery, structure, and applications. In vivo, the
occurrence of G4s/iMs in the regions upstream to the TSS has made them very attractive targets
for binding of drugs in order to regulate gene expression. Along with the conventional role as
gene regulatory elements, G4 and iMs can be used in drug-delivery systems. Owing to their
12

small sizes, G4/iM-forming oligos can reach within the intracellular micro-environments, and
hence can be employed as biosensors to monitor intracellular changes. Due to their biocompatibility, G4s/iMs-based aptamers are being developed as drug-delivery vehicles. With the
recent confirmation of existence of G4s in living cells and with the increasing demands for nontoxic, bio-compatible drugs and drug-delivery vehicles, G4s/iMs have gained significant
importance in therapeutics. The conformation dynamics of G4s and iMs are also used in nonphysiological application, like building logic gates and pH actuated mechanical motors.
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CHAPTER 2
ANALYSIS OF CO-LOCALIZATION OF G-QUADRUPLEXES/I-MOTIFS
AND 5-HYDROXYMETHYL-CYTOSINES IN HUMAN EMBRYONIC
STEM CELLS
2.1. Abstract
G-quadruplexes (G4s) and i-motifs (iMs) are tetraplex DNA structures. Sequences
capable of forming putative G4s (pG4s) / putative iMs (piMs) are abundant near the transcription
start sites (TSS) of several genes. G4s/iMs have been demonstrated to affect gene expression in
vitro. Depending on the gene, the presence of G4s/iMs can enhance or suppress expression,
making it challenging to discern the underlying mechanism by which they operate. Factors
affecting G4/iM structures can provide additional insight into their mechanism of regulation.
One such factor is epigenetic modification. The 5-hydroxymethylated cytosines (5hmCs) are
epigenetic modifications occurring abundantly in human embryonic stem cells (hESC). The
5hmCs, like G4s/iMs, are known to participate in gene regulation and are also enriched near the
TSS. We investigated genomic co-localization to assess the possibility that these two elements
might play an interdependent role in regulating genes in hESC. Our results indicate that amongst
15,760 pG4/piM-forming genes, only 15% have 5hmCs associated with them. A detailed
analyses of pG4/piM-forming genes enriched in 5hmC indicate that most of these genes are
associated with cell differentiation, proliferation, apoptosis and embryogenesis. The library
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generated from our analysis is an important resource for investigators exploring the
interdependence of these DNA features in regulating expression of selected genes in hESC.

2.2. Introduction
DNA can adopt non-canonical conformations when rendered single-stranded (ssDNA)
during the processes of replication, transcription and recombination (Patel, Phan, & Kuryavyi,
2007). Examples of such conformations are G-quadruplexes (G4s) formed from guanine-rich ssDNA, and i-motifs (iMs) formed from cytosine-rich ssDNA (Catasti et al., 1997; Hurley et al.,
2000). The G4s are composed of array of planar guanine quartets involved in Hoogsteen basepairing, while iMs are composed of intercalated hemi-protonated cytosines (Guéron & Leroy,
2000; H. Han & Hurley, 2000). Genome-wide analyses of pG4s/piMs revealed that these
elements are concentrated proximal to the transcription start sites (TSS) of several genes and can
potentially alter gene expression (Zhao, Du, & Li, 2007a). For example, the presence of G4s/iMs
in promoters enhances myo-D dependent gene expression (Shklover et al., 2010), whereas the
presence of G4s/iMs in the c-myb gene arrests the RNA polymerase activity, thereby halting its
transcription (Broxson, Beckett, & Tornaletti, 2011). The occurrence of these structures in vivo
remained a topic of great controversy for several decades (Cuesta, Read, & Neidle, 2003).
However, the Balasubramaniam lab has recently established the existence of G4s in living cells
(Biffi, Tannahill, McCafferty, & Balasubramanian, 2013c). The factors affecting the dynamic
behavior of G4s and iMs are being widely studied to understand the underlying mechanism of
gene regulation by these DNA structures, but much remains to be unveiled.
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In addition to the topological variation, the DNA in mammalian genomes undergoes
epigenetic modification of cytosines to 5-methylcytosines (5mCs), 5-hydroxymethyl cytosines
(5hmCs), and other higher oxidation states (Y. Li & O’Neill, 2013; Lister & Ecker, 2009;
Münzel, Globisch, & Carell, 2011; Pastor et al., 2011; Cornelia G. Spruijt et al., 2013; Wu et al.,
2011; Xu et al., 2011; Yu et al., 2012). These epigenetic alterations are known to have
implications in many biological processes, including DNA demethylation, transcription
regulation, X-chromosome silencing, genomic imprinting, cell differentiation and tumorigenesis
(Denissenko, Chen, Tang, & Pfeifer, 1997; Z. Li et al., 2011). The DNA cytosines are
enzymatically modified to 5-methylcytosines (5mC) by DNA methyl transferase, and can be
further oxidized by ten eleven translocase (Tet) enzymes to yield 5hmC (Ito et al., 2010). The 5hydroxymethylated cytosines (often considered the sixth base in the mammalian genome) are
prevalent in mammalian embryonic stem cells (ESC) (Pastor et al., 2011; Wu et al., 2011). Like
G4s/iMs, 5hmCs are also enriched near the TSS of several genes (Pastor et al., 2011).
Intriguingly, analyses of genome-wide distribution of 5hmCs in mouse ESC revealed that the
presence of 5hmCs in promoters may preferentially contribute to gene repression, whereas
intragenic 5hmCs contribute toward gene activation (Wu et al., 2011). This suggests that, similar
to 5mC, 5hmC also has a complex role to play in the process of gene regulation.
That 5hmCs and G4s/iMs (i) are both enriched around the TSS of several genes, and (ii)
both function as gene regulatory elements led us to hypothesize that 5hmC and pG4s/piMs may
play an interdependent role in gene regulation. Hence, in the following work we first evaluated
the probability of proximal localization of G4s/iMs with 5hmCs in human ESC, and then
identified a gene pool wherein 5hmCs are associated with the pG4/piM-forming sequences. We
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have created a library of these genes that will be a resource for locating putative G4/iM-forming
sequences having 5hmCs associated with them in human ESC. Accounting for the presence of
epigenetic modifications on G4s/iMs may be crucial to understand the role of these dynamic
conformers in gene regulation. For example, the presence of 5hmCs and on G4s/iMs could not
only alter the conformation and stability of these structures, but also alter their recognition by
transcription factors and other biological molecules. From our work, we conclude that very few
G4/iM-forming genes have 5hmCs associated within putative G4s/iMs structures. However, the
genes that do have putative G4/iM-forming sequences enriched in 5hmCs were found to be
predominantly associated with cell differentiation, proliferation, apoptosis and embryogenesisrelated processes. These data suggest that for selected genes, the two genetic phenomena may
have interdependent roles in regulating gene expression in human ESC.
2.3. Methods
Calculation of iM density: To find the putative uni-molecular iMs, we implemented the
Quadfinder tool developed by Scaria et al., (Scaria, Hariharan, Arora, & Maiti, 2006). This tool
searches for sequences composed of CxNyCxNyCxNyCx motifs (for iMs on template strands) or
GxNyGxNyGxNyGx motifs (for iMs on non-template strands), where x(=3-5) denotes the G/C
stretch and y(=1-25) is the intervening loop length. The Quadfinder analyzes for and lists all the
probable motifs, including the overlapping ones, in a given DNA sequence. Promoters and
intragenic regions of 15,760 reference sequence genes from the human GRCh37.p10 primary
assembly were analysed for the presence of iMs/G4s. The promoter region is defined as a 1 kb
stretch upstream of the TSS (Julian L. Huppert & Balasubramanian, 2007), while the intragenic
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analyses covered a 1 kb stretch downstream of the TSS. In order to account for the iMs present
on template and non-template strands, the total numbers of iMs were calculated by summing the
G-motifs and C-motifs found in the template strand. To calculate the density of iMs, the 1 kb
regions upstream and downstream of TSS were divided into 100 bp segments for each gene, and
each of these segments was analyzed with Quadfinder. The density of iMs per gene in any 100
bp was then calculated using eq 1.
eq. 1
The resulting plots are similar to those in prior published reports (Zhao et al., 2007a).
Localization of 5-hydroxymethylcytosine: We used the 5hmC sequencing data from H1
human ESC deposited to the Gene Expression Omnibus (accession GSE36173) by Yu et al., (Yu
et al., 2012). Their 5hmC sequencing was done using Tet-assisted bisulphite sequencing, and
was done on UCSC hg18 build. This data was converted by us to GRCh37 using the liftOver
genome tool by UCSC (Lander et al., 2001). The 5hmC density calculation is similar to the iM
density calculation and is shown in eq 2.
eq. 2
The correlation coefficients between G4/iM-potentials and GC content; 5hmC content
and GC content; and G4/iM-forming potential and 5hmC content, were calculated using JMP 10
statistical software. All three data columns (G4/iM-potentials, 5hmC and GC-content) were
subjected to multivariate analysis to compute the value for correlation coefficients; these
coefficients were also estimated over the upper and the lower 95% confidence intervals. Since
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the correlation coefficients were very small, further analysis was done in JMP to assess whether
or not these coefficients were significantly different from zero at the 0.05 significance level.
The molecular functions of the G4/iM-forming genes, the 5hmC-enriched genes, and the
potential G4/iM-forming genes containing 5hmCs were assessed using the PANTHER (Protein
ANalysis THrough Evolutionary Relationships) classification system, which is a part of the gene
ontology reference genome project (Mi, Muruganujan, & Thomas, 2013). We did a manual
search on each of the 5hmC-enriched iM-forming genes to evaluate their association with the
terms

“differentiation”,

“proliferation”,

“apoptosis”,

“embryogenesis”,

“transcription”,

“translation”, “metabolism”, “biosynthesis”, “cytoskeletal”, “transport”, “ion binding”, and
“enzyme” (Tables 2a and 2b). We also performed functional enrichment analysis on these genes
using the Database for Annotation, Visualization, and Integrated Discovery (DAVID)
bioinformatics resources to cluster the groups of genes associated with similar functional
annotation terms (Da Wei Huang & Lempicki, 2008; Sherman & Lempicki, 2009). The DAVID
tool measures relationship among the annotation terms based on the degrees of their coassociation in order to group the similar, redundant, and heterogeneous annotation contents into
annotation clusters. Only those groups of genes that showed statistically significant enrichment
in a particular functional annotation (P-value < 0.05) are listed in Tables 3a and 3b.
2.4. Results

Very few piM-forming genes undergo 5-hydroxymethylation
We initially mapped the putative iMs in 15,760 reference sequence genes relative to the
TSS. Figure 2.1a shows the number of genes having putative iMs in 100 bp segments relative to
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the TSS. As expected, most of the iM-forming genes are concentrated in the proximity of the
TSS. The histograms of pG4/piM-forming genes in human ESC that have 5hmC localized within
100 bps of putative G4s/iMs are plotted in Figure 2.1b, indicating that very few genes undergo
5hmC modifications in the vicinity of piMs/pG4s. Also, the fraction of genes having 5hmC and
iMs co-localized increases with the increasing distance from the TSS in both upstream and
downstream directions.

Figure 2.1: The overall distribution of the number of genes having piM-forming potential. (1a) The
number of genes and their position relative to the TSS. (1b) The number of piM-forming genes having
5hmCs co-localized within 100 bp of an iM relative to the TSS.

5hmCs and pG4s/piMs distributions are asymmetric around the TSS
The density of piMs within 1 kb upstream and downstream was plotted for all genes. The
density-plot (Figure 2.2a) is in agreement with the prior work on plotting the frequency of iMs
relative to the TSS (Julian L. Huppert & Balasubramanian, 2007; Zhao et al., 2007a). Figure 2.2b
shows the density of iMs for those genes having 5hmC co-localized near iMs. From this data we
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infer that the genes undergoing 5hmC modification contribute very little to the overall genomic
iM-density, and for these genes the density curve shows no particular trend. Further, the contour
plots of 5hmC with respect to iM-forming potentials and GC content indicate that in the 1 kb
region upstream relative to the TSS (Figure 2.3a), the 5hmC enrichment occurs around those
sequences that have lower potential to form iMs. In contrast, in the 1 kb downstream region, the
5hmC enrichment occurs around the sequences with high iM-forming potential (Figure 2.3b).
Asymmetry in the distribution could be caused by intragenic regions that are more likely to be
enriched in 5hmC content. The multivariate analyses to ascertain the overall correlation between
iM-forming potential, number of 5hmC, and GC content in 1 kb upstream of the TSS is shown in
Table 2.1, where iM-forming potentials and 5hmC content are weakly positively correlated to
GC content. However, the 5hmC and iM potential shows a weakly negative correlation. For 1 kb
downstream, the negative correlation between 5hmC and iMs disappears, and this region shows
no statistically significant correlation between the two elements (Table 2.1).

Figure 2.2: Positional dependence of piM and 5hmC localization. (2a) The overall density of piMforming genes relative to the TSS. (2b) The density of piM-forming genes having 5hmCs co-localized
within 100 bp of an iM.
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Figure 2.3: Relationship between iM potential and 5hmC density. (3a) Contour plot for the sequences
upstream of the TSS shows that 5hmC enrichment is associated with genes having low iM-forming
potential. (3b) Contour plot for the downstream sequences shows that the 5hmC enrichment is associated
with genes having high iM-forming potentials.

Table 2.1: Correlations between number of 5hmC, iM-forming potential, and GC-content in 1 kb region
upstream and downstream of TSS. The correlations were also computed for the upper and lower 95%
confidence interval range. Since the correlation coefficients are very small, further analysis was done in
order to assess whether or not these coefficients were significantly different from zero at a significance
level of 0.05. The (*) indicates that the correlation significantly differs from being zero.
1 kb upstream of TSS

Correlation Lower 95% Upper 95% Signif. Prob

iM Potential

GC content

0.29

0.25

0.34

<0.0001*

5hmC content

GC content

0.12

0.070

0.17

<0.0001*

-0.12

-0.02

0.01*

5hmC content iM Potential -0.07
1 kb downstream of TSS
iM Potential

GC content

0.30

0.25

0.34

<0.0001*

5hmC content

GC content

0.06

0.01

0.10

<0.0293*

-0.07

0.03

0.4782

5hmC content iM Potential -0.02
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Putative G4s/iMs enriched with 5hmC are primarily found in differentiation and
proliferation genes
From 15,760 genes, only 1222 genes upstream and 1119 genes downstream had 5hmC
localized within 100 bp of pG4/piM-forming sequences. Amongst these genes, there were 682
upstream (shown in Supplementary file S1) and 640 downstream (shown in Supplementary file
S2) genes that had 5hmC modification occurring on the cytosines involved in G4/iM-forming
sequences. The 5hmC modification, as noted above, is not very common in genes showing
pG4/piM-forming potentials. This led us to investigate whether the 5hmC modification is
restricted to a class of genes involved in, or related to, specific molecular functions. Hence, the
co-localized genes were analyzed using the PANTHER classification tool, and the results are
shown in Figure 2.4. The molecular function distributions of all genes (irrespective of presence
of 5hmC modification on them) having pG4/piM-forming potentials were plotted for upstream
region from TSS (Figure 2.4a) and downstream relative to TSS (Figure 2.4b). Similarly, the
molecular 5hmC-containing genes (irrespective of presence of pG4s/piM-forming sequences)
were plotted for both upstream (Figure 2.4c) and downstream (Figure 2.4d) relative to TSS. The
pie charts for putative pG4/piM-forming genes and 5hmC modified genes are very similar, and
indicated that these genes were mainly involved in binding and catalytic activities.
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Figure 2.4: PANTHER pie charts showing the molecular function distributions of: pG4/piM-forming
genes (irrespective of whether or not 5hmC-modifications) (4a) upstream of TSS, and (4b) downstream of
TSS; 5hmC-containing genes (irrespective of presence of G4s/iM-forming sequences) (4c) upstream and
(4d) downstream of the TSS; piM-forming genes that have 3 or more 5hmCs associated with them (4e)
upstream, and (4f) downstream of the TSS.

We further analyzed these genes in order to evaluate the effects of increasing 5hmCcontent on the molecular function of pG4/piM-forming genes. Interestingly, this analyses
revealed that genes with 3 or more sites where 5hmC occurs within potential pG4/piM-forming
sequences upstream of the TSS genes (Table 2.2a) are mainly involved in ligand binding (e.g.,
calcium, actin, and calmodulin binding) and enzyme regulatory activities (Figure 2.4e), and those
downstream genes (Table 2.2b) are associated with receptor activity (e.g., G-protein coupled and
cytokine receptors) and ligand binding (Figure 2.4f). Although these highly 5hmC-enriched
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genes in human ESC capable of forming piMs are associated with cell differentiation and
proliferation or apoptosis, our analysis finds that they are not confined to any single
differentiation or apoptotic pathway.

25

Table 2.2a: Functional classification of iM-forming genes having 3 or more 5hmCs within a G4/iMforming sequence upstream of the TSS. The number of 5hmCs present is given in parenthesis.

Differentiation
Proliferation
Apoptosis

Embryogenesis

Transcription
Translation

Metabolism/
biosynthesis
Cytoskeletal
organization
Transport/ion
binding
Enzyme activity

BIRC7 (5)
protein binding, peptidase
inhibitor activity

CST3 (4)
protein binding

MRPS24 (3)
structural constituent of
ribosome, nucleic acid binding

BAIAP2L2 (5)
receptor activity

CHRM1 (4)
G-protein coupled receptor
activity
CST3 (4)
protein binding, cysteine-type
endopeptidase inhibitor activity

DTX1 (3)
developmental process

C17orf49 (3)
nucleic acid binding

CDIPT (3)
transferase activity

DUSP2 (3)
phosphoprotein phosphatase
activity, protein binding,
kinase inhibitor activity,
kinase regulator activity
FOXH1 (5)
transcription factor activity

SORBS3 (3)
structural constituent of
cytoskeleton

CYP27C1 (3)
oxidoreductase activity

ZGPAT(3)
Negative regulation of
transcription

EPS8L2 (3)
intracellular signaling cascade,
cell motion
intracellular signaling cascade

PLEC (4)
structural constituent of
cytoskeleton, calcium ion
binding actin binding
TNFSF13 (3)
cytokine binding, Tumor
necrosis factor receptor
binding

FOXH1 (5)
transcription factor activity

ITIH4 (3)
protein binding, serine-type
endopeptidase inhibitor activity

MAMSTR (4)
transcription factor binding,
nucleic acid binding

KCTD6 (3)
protein binding

CYGB (4)
blood circulation, transport

DTX1 (3)
developmental process

DUSP2 (3)
phosphoprotein phosphatase
activity, protein binding, kinase
inhibitor activity, kinase
regulator activity
FOXH1 (5)
transcription factor activity

PRR15L (3)
Negative regulation of
transcription

MPDU1 (3)
lipid metabolic process,
protein amino acid
glycosylation
PADI3 (3)
hydrolase activity

HSPBP1 (4)
protein binding, enzyme
regulator activity
MAMSTR (4)
transcription factor binding
nucleic acid binding
NHP2 (4)
structural constituent of
ribosome, nucleic acid binding
PRR15L (3)
Negative regulation of
transcription
RASGRP4 (4)
calcium ion binding, receptor
binding, small GTPase regulator
activity, guanyl-nucleotide
exchange factor activity
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Table 2.2b: Functional classification of iM-forming genes having 3 or more 5hmCs within a G4/iMforming sequence downstream of the TSS. The number of 5hmCs present is given in parenthesis.

Differentiation
Proliferation
Apoptosis

Embryogenesis

Transcription
Translation

Metabolism/biosynthesis
Cytoskeletal
organization
Transport/ion binding
Enzyme activity

CTCFL (7)
transcription factor activity

H1FOO (3)
DNA binding

VAV1(3)
receptor binding,
small GTPase regulator
activity, guanyl-nucleotide
exchange factor activity

EMILIN1(3)
cell adhesion

ENG (4)
transforming growth factor, beta
receptor activity,
cytokine receptor activity

HHIPL1(3)
G-protein coupled
receptor activity

EPS8L1 (4)
intracellular signalling cascade
cell motion, intracellular signalling
cascade

GPR55(3)
G-protein coupled receptor
activity

SCUBE2
visual perception, sensory
perception, signal
transduction, cell-cell
adhesion, mesoderm
development
VIL1(3)
structural constituent of
cytoskeleton, actin
binding

IP6K3 (6)
kinase activity

H1FOO (3)
DNA binding

MFSD4(3)
transport

HHIPL1(3)
G-protein coupled receptor
activity
PLCB2(3)
phospholipase activity, calcium
ion binding, receptor binding,
small GTPase regulator activity,
guanyl-nucleotide exchange factor
activity

NME4 (4)
nucleotide kinase activity

SCUBE2(3)
visual perception, sensory
perception, signal transduction,
cell-cell adhesion, mesoderm
development

SLC25A23 (3)
amino acid transmembrane, transporter
activity, transmembrane transporter
activity, calcium ion binding,
calmodulin binding

SP100 (3)
transcription factor activity
chromatin binding, receptor
binding, transcription factor
activity
VIL1(3)
structural constituent of
cytoskeleton, actin binding

SLC37A1 (3)
cation transmembrane , transporter
activity

VAV1(3)
receptor binding, small GTPase
regulator activity, guanylnucleotide exchange factor
activity

DPEP1
Metalo-peptidase activity

S100A16 (3)
calcium ion binding, receptor binding
calmodulin binding

TYROBP (3)
receptor activity
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We also performed functional enrichment analysis on these genes using the DAVID to
cluster the groups of genes associated with similar functional annotation terms (Da Wei Huang &
Lempicki, 2008; Sherman & Lempicki, 2009). The DAVID tool outputs clusters related to a
particular biological process. Each cluster may be further composed of sub-groups of genes that
show enrichment within the cluster. Our clustering results are shown in Table 2.3a (upstream of
TSS) and Table 2.3b (downstream of TSS). For the genes located upstream of the TSS,
“regulation” (enzyme regulation, metabolic activity regulation and negative regulation of
transcription) is a significantly enriched term (P< 0.05). For the 5hmC enriched genes located
downstream relative to the TSS, the “binding” term (ion binding and protein binding) is
significantly enriched (P < 0.05). Further experiments may be warranted for these genes in order
to evaluate the effects of 5hmC on G4/iM regulatory roles.
Table 2.3a: DAVID clustering of biological processes of iM-forming genes having 3 or more 5hmCs
within a G4/ iM-forming sequence upstream relative to TSS. The statistical significance of these
processes being enriched versus random gene selection is indicated by the P value shown.
Biological processes cluster 1

Biological processes cluster 2

Regulation of
protein kinase
activity
(P =2.0E-2)

Regulation of
kinase activity
(P =2.2E-2)

Regulation of
transferase
activity
(P =2.4E-2)

Negative regulation of
macromolecular metabolic
processes
(P =3.3E-2)

Negative regulation
of transcription
(P =4.2E-2)

ZGPAT
BIRC7
CHRM1
DUSP2

ZGPAT
BIRC7
CHRM1
DUSP2

ZGPAT
BIRC7
CHRM1
DUSP2

PRR15L
CST3
FOXH1
SORBS3
ZGPAT

PRR15L
FOXH1
SORBS3
ZGPAT

28

Table 2.3b: DAVID clustering of biological processes of iM-forming genes having 3 or more 5hmCs
within a G4/iM-forming sequence downstream relative to TSS. The statistical significance of these
processes being enriched versus random gene selection is indicated by the P value shown
Biological processes cluster 1

Biological processes cluster 2

Metal ion binding
(P =1.2E-2)

Calcium ion binding
(P =4.0E-3)

Identical protein binding
(P =4.1E-2)

Protein homodimerization
activity
(P = 6.2E-2)

CTCFL
S100A16
SP100
NME4
PLCB2
SCUBE2
SLC25A3
VAV1
VIL1
DPEP1

S100A16
PLCB2
SCUBE2
SLC25A23
VIL1

S100A16
SP100
EMILIN1
ENG

S100A16
SP100
ENG

2.5. Discussion
DNA G4s/iMs can enhance as well as supress gene expression, making it a complex
process to understand their exact mechanism of regulation. The G4s/iMs are known to exist in
several conformations depending on the loop lengths and guanine/cytosine stretches — a
structural polymorphism that could explain the differential mechanism of gene regulation by
them (Hazel, Huppert, Balasubramanian, & Neidle, 2004). Amongst other factors, the presence
of epigenetic modifications in the iMs and loop-regions of G4s could also influence the
conformation and stabilities of these DNA topological variants, and hence might be one way by
which both G4s/iMs and 5hmCs could cooperate in the cellular environment. The presence of
5hmC on G4s/iMs might modulate the binding abilities of transcription factors and other
biomolecules by modifying the recognition sites on G4s/iMs. For example, a recent publication
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by Sprujit et al., (Cornelia G Spruijt et al., 2013) has demonstrated that different 5-modified
cytosine derivatives (5mC, 5hmC, 5-formylcytosine, and 5-carboxycytosine) are recognized by
distinctly different sets of transcription regulators and DNA-repair proteins in mouse ESC.
Hence, it may be imperative to account for the presence of 5hmC or other 5-substituted cytosines
in loops of G4s and within iMs while studying gene regulation by these structures.
In this work, we have compiled a library of human genes that have putative G4/iMforming sequences epigenetically modified with 5hmC in ESC. This library will readily facilitate
determining the presence of 5hmCs in G4/iM-forming gene of interest. As an example of its use,
from this library, we selected those G4/iM-forming genes that are 5hmC enriched (3 or more
5hmC per G4/iM-forming sequence) to inspect the gene expression pathways in which they are
involved. We found that CHRM1 (having putative G4s/iMs in first 500 bp upstream), CYP27C1
and FOXH1 (having putative G4s/iMs in their first 200 bp upstream) are all linked to pathways
related to Alzheimer’s disease (Das & Golde, 2006; Gezen-Ak et al., 2007; Koch, Haas, &
Jurgens, 2005; Shaftel, Griffin, & O’Banion, 2008). While our data pertains only to colocalization in ESC, our results may warrant investigation of the 5hmC modification and G4/iM
formation in these genes in the progression of Alzheimer’s disease.
In the exercise of segregating and analysing iM-forming genes having three or more
5hmCs, we evaluated whether these genes are involved in, or are related to, a particular class of
molecular functions, biological processes, or pathways. This exercise serves as an example of
how our library of putative iM-forming genes with co-localized 5hmCs can be used with
classification and clustering tools. It also constitutes a crucial part of our future work: since the
data on genome-wide 5hmC modification is currently available only for ESCs, it will prove
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interesting whether genes enriched in 5hmC in ESCs retain their 5hmC enrichment patterns in
differentiated or cancer cells. Also, under pathophysiological states, the pattern of 5hmC
presence may be altered from that in ESC, and additional pathology-specific studies of G4/iM
modification can be compared to the data in our library. The library will also be useful for
comparison to 5hmC modification in G4/iM-forming regions in cancer stem cells (Nguyen,
Vanner, Dirks, & Eaves, 2012), once that data becomes available.
2.6. Conclusions
Despite that 5hmCs and pG4s/piMs are abundant near TSS of several genes, a very small
fraction of genes having pG4/piM-forming potential showed the presence of 5hmC-modification.
This led us to further evaluate the significance of this particular subset of genes for their
physiological roles. We found that those genes that have three or more 5hmC associated with the
pG4/piM-forming sequences and that are located upstream of the TSS, ligand binding activity
and enzyme regulation were predominant molecular functions. For the genes with 5hmC
enrichment located downstream from the TSS, ligand binding activity and receptor activities
predominated. Closer inspection suggested that genes highly enriched in 5hmC are involved in
cell differentiation, proliferation, apoptosis and embryogenesis. In future studies, it would be
worthwhile to consider the presence of epigenetic modification of bases involved in G4/iMforming sequences in order to comprehensively develop an understanding of possible
interdependent regulatory roles of G4s/iMs and 5hmC.
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CHAPTER 3
EVALUATING THE EFFECTS OF EPIGENETIC MODIFICATIONS,
MACROMOLECULAR CROWDING AND DEGREE OF HYDRATION ON
THE THERMODYNAMIC STABILITY OF I-MOTIF STRUCTURE
3.1. Abstract
DNA sequences with the potential to form secondary structures such as i-motifs (iMs)
and G-quadruplexes (G4s) are abundant in the promoters of several oncogenes, and in some
cases are known to regulate gene expression. Recently, iM-forming DNA strands have also been
employed as functional units in nano-devices, ranging from drug delivery systems to nanocircuitry. In order to understand the mechanism of gene regulation by iMs and to use them more
efficiently in nano-technological applications, it is essential to have a thorough knowledge of
factors that govern their conformational states and stabilities. Most of the prior work to
characterize the conformational dynamics of iMs have been done with iM-forming syntheticconstructs like tandem (CCT)n repeats, and in standard dilute buffer systems. Here, we present a
systematic study on the consequences of epigenetic modifications, molecular crowding, and
degree of hydration on the stabilities of an iM-forming sequence from the promoter of the c-myc
gene. Our results indicate that 5-hydroxymethylation of cytosines destabilized the iMs against
thermal and pH-dependent melting; contrarily, 5-methycytosine modification stabilized the iMs.
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Under molecular crowding conditions (PEG-300, 40% w/v), the thermal stability of iMs
increased by ~ 10 °C and the pKa was raised from 6.1 (± 0.1) to 7.0 (± 0.1). Lastly, the iM’s
stability at varying degrees of hydration in 1,2-dimethoxyethane, 2-methoxyethanol, ethylene
glycol, 1,3-propanediol, and glycerol co-solvents indicated that the iMs are stabilized by
dehydration due to releasing water molecules when folded. Our results imply that it is essential
to account for the effects of epigenetic modifications, and molecular crowding, and the degree of
hydration on iM’s conformation while studying the mechanism of folding and unfolding of iMs.
For example, the incorporation of 5-methylycytosines and 5-hydroxymethlycytosines in iMs
could be useful for fine-tuning the pH-or temperature-dependent folding/unfolding of iMs.
Variations in the degree of hydration of iMs may also provide an additional control over
modulating the folding/unfolding of iMs without having to change the pH of the surrounding
matrix.

3.2. Introduction
The discovery of DNA secondary structures, including quadruplexes in G-rich DNA
(G4s) and iMs in C-rich DNA (iMs), has enabled the diversification of nucleic acid uses from
their original roles in conventional biological processes to building blocks for nanoscale
composite materials. Both G4s and iMs are 4-stranded tetraplexes, which can be formed by
multiple individual single strands or by internal folding of a single strand (ss) DNA (Choi, Kim,
Tachikawa, Fujitsuka, & Majima; Moehlig, Djernes, Krishnan, & Hooley, 2012). The iMs are
formed from cytosine repeats in C-rich DNA at slightly acidic pH, where unprotonated and
protonated C-C+ base pairs intercalate and stabilize the structure (Eddy & Maizels, 2008; J. L.
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Leroy, 2009). In genomic DNA, G- and C-rich regions capable of forming G4/iMs are enriched
in regulatory elements of genes, particularly around the transcriptional start sites (TSS)
(Balasubramanian et al., 2011; Eddy & Maizels, 2008). G4s/iMs are associated with gene
ontological (GO) terms like transcription factor activity, development, cell differentiation, and
neurogenesis (J. L. Huppert, 2007). DNA-based nanomaterials have found usefulness in arenas
ranging from electronic circuit building to drug delivery systems (Allen & Cullis, 2004; Cheng et
al., 2009; D. Liu et al., 2006; Liu et al., 2005).
In mammalian cells, C-rich DNA located near the TSS has also been found to be
susceptible to two different epigenetic modifications, methylation and hydroxymethylation
(Brooks & Hurley, 2010; Dai, Hatzakis, Hurley, & Yang, 2010). The occurrence of 5hydroxymethylcytosine (5hmC) modifications have only recently been discovered, and are
generated by oxidation of 5-methylcytosines (5mC) by the Ten-Eleven-Translocation (TET)
family of oxygenases (Dahl, Gronbaek, & Guldberg, 2011; Gupta, Nagarajan, & Wajapeyee,
2010{Patra, 2009 #1521; Jin, Kadam, & Pfeifer, 2010; Koh et al., 2011; Kriaucionis & Heintz,
2009; Matarese, Carrillo-de Santa Pau, & Stunnenberg, 2011; Shock, Thakkar, Peterson, Moran,
& Taylor, 2011; Tahiliani et al., 2009)}. Jin et al., (Jin et al., 2010) have demonstrated the role
of 5hmCs as epigenetic regulators of gene expression, which is similar to the role of 5mC (Kraus
et al., 2012; Yildirim et al., 2011). Thus, 5mC, 5hmC, and iM formation have been studied
individually as gene regulators. Although Dai et al., showed (via NMR) that methylation could
adversely affect the integrity iMs, (Dai, Ambrus, Hurley, & Yang, 2009), there have been no
thorough studies that document the thermodynamic consequences of methylation or
hydroxymethylation of cytosines to iMs.
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The cellular environment likely also influences the pH and temperature dependent
stability of G4s/iMs. Crowding agents and cosolutes together constitute about 20-40% of cellular
volume (Hoffmann et al., 1982). The effects of co-solvents and crowding agents on the thermal
stabilities of DNA triplexes, G-quadruplexes, and hairpin structures have been previously
characterized by Chaires, et al., and Sugimoto (Daisuke Miyoshi & Sugimoto, 2008; Spink &
Chaires, 1999), but iMs were not among the secondary structures examined. This prior research
showed duplexes are destabilized while G4s are stabilized under identical solution conditions,
when there were fewer water molecules associated with the DNA structure. Crowding is known
to induce the pH-dependent stability in the iMs, leading to their formation at near physiological
pH (Rajendran, Nakano, & Sugimoto, 2010), but there has been no detailed investigation of
effects of dehydration on iMs. Since iMs and G4s are complementary structures that could be
formed in gene regulatory regions, it is essential to understand the effects of hydration on iMs
just as for G4s.
The biological function of G4s/iMs has yet to be completely established, as most of the
experiments done on these structures have been in vitro. However, the consistency of G4/iM
formation in the laboratory has created a new role for G4/iM DNA in nanomaterials. The iM
structures have been used as proton-fueled nanomachines, which are reversibly actuated by
cycling solution conditions from acidic to basic, and hence operated as a conformational switch
to generate precise in nanometer scale motions (D. Liu et al., 2006; Liu et al., 2005). The iMs
can emulate pH-stimulated mechanical arms as nanometer height containers; in their folded form
they can non-specifically trap small molecules and release these particles on controlled unfolding
(Mao et al., 2007). When coupled with quantum dots and immobilized on gold electrodes, the
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iMs work as photoelectric switches (Meng et al., 2009). The iMs have been used as nano-probes
inside living cells to map spatial and temporal pH variations (Modi et al., 2009). Intracellular
applications like this not only require characterization of iM probes under varying pHs, but also
have to account for the intracellular crowding that could affect the conformation of the probes
and hence the signal output.
In both biological systems and nanomaterials it is essential to have a thorough knowledge
of the factors that affect iM formation and stability, both in vivo and in vitro. Hence, here we
present a systematic study on the thermodynamic consequences of epigenetic modifications,
molecular crowding, and hydration on the widely studied iM sequence from the c-myc gene.
3.3. Materials and methods
Oligonucleotides: We have studied an iM-forming sequence from the nuclease
hypersensitive element (NHEIII) of the c-myc gene. The product of the c-myc gene is a protooncogene that is known to be overexpressed in cancer cells (Brooks & Hurley, 2010). The 22mer sequence we used has been mutated from C to T at the 6th position in order to eliminate
structural polymorphism and restrict the melting transition from folded to unfolded iM to two
states (Dai et al., 2010). While evaluating the enrichment of 5hmC modification associated with
iMs, we concluded that most of the iM-forming sequences show only single 5hmC modification;
very infrequently, the 5hmC modification occurs more than once in an iM-forming sequence.
Hence, for thermodynamic measurements we have modified only a single cytosine to 5mC or
5hmC as a model of single-strand genomic DNA. Although most methylation occurs in CpG
islands (which do not occur in the myc promoter), the modification also occurs at significant
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numbers of CpC locations (Adam B. Robertson & Arne, 2011; Choi et al., 2011; Nestor et al.,
2012). The DNA oligonucleotides used have the following sequences:
5'-TTCCCTACCCTCCCCACCCTAA-3' (C6T)
5'-TTC(mC)CTACCCTCCCCACCCTAA-3' (5mC-C6T)
5'-TTC(5hmC)CTACCCTCCCCACCCTAA-3' (5hmC-C6T)
Where, 5mC and 5hmC indicate 5-methyl- and 5-hydroxymethylcytidine respectively. All oligos
were purchased from Midland Certified Reagent Co. (Midland, TX, USA). For all experiments,
the oligos were dissolved either in 20 mM sodium cacodylate buffer, (for pH ranging from 5.3 to
7.4), or in 10 mM Tris base, 1 mM EDTA, (for pH ranging from 7.6-8.0). All buffers were made
from spectroscopic-grade reagents from Fisher Scientific. Polyethylene glycol (PEG-300) was
obtained from PCCA (Houston, TX, USA) while 2-methoxyethanol, ethylene glycol, glycerol,
1,3-propanediol and 1,2-dimethoxyethane were purchased from Fisher Scientific.
Sample preparation: Solutions of oligonucleotides were initially heat-treated at 90 °C
for 10 min and then cooled to room temperature. For pKa determinations, concentrations of
samples were matched via absorbance spectra while the samples were still hot. The Circular
Dichroism spectra of the oligos at decreasing pH were obtained at 25 °C with DNA
concentrations of 2-3 µM. The molecular crowding agents or co-solvents in 10, 20, 30 and 40
weight percent (w/v) were added to the 20 mM cacodylate buffer with pH ranging from 5.3 to
8.0.

37

Circular Dichroism: Circular Dichroism (CD) experiments were performed in 1 cm
cuvette using an Olis instrument (DSM 20 CD). Wavelength scans were collected from 225 nm
to 350 nm. Temperature increments were either 1 °C or 2 °C, and samples were allowed to
equilibrate for 30 seconds before collecting each spectrum. Final CD spectra were obtained by
averaging at least 3 scans for a given set of buffer conditions. To obtain the thermodynamic
parameters from the melting curve, curve fitting and data analyses were done using IGOR Pro
(version 4.0, Wavemetrics). The values for Tm, ΔG°T and ΔHm were obtained by fitting the data
to a two state model, where ΔG°T is a change in the free energy at a particular temperature, and
ΔHm is the enthalpy at the melting temperature, Tm.
The two state model for DNA melting is described by:
(1)
and
(2)

Where K is the equilibrium constant for unfolding, and [U] and [N] are the concentrations of
unfolded and folded state respectively.
The mole fraction of unfolded DNA

is given by
(3)

The free energy of unfolding at any given temperature T is given by the following
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equation (Bruylants, Wouters, & Michaux, 2005):
(4)

The fraction folded was normalized from 0 to 1 prior to fitting and the change in heat capacity
(ΔCp) was assumed to be negligible. The fits yielded the values for Tm and ΔHm.
Hydration calculations: Water activities were obtained from osmolality measurements,
which were done using a model 5520R vapour pressure osmometer (Wescor Inc). For higher
concentrations of volatile co-solvents, osmolality was calculated. The water activity (aw) values
were obtained from osmolality using eq. 5
(5)

Where Cosm is osmoles of cosolvent per kg of solvent.35
In order to assess the effects of hydration on the thermodynamic properties of the iM structure,
we used the approach of Sugimoto previously used to study hairpins and G-quadruplex
structures. The equilibrium between the folded and unfolded iM structure can be represented by
(6)
Where U and N represent unfolded and native (folded iM) forms, CS represents co-solvent, and
H+ represent protons. The equilibrium constant K is then given by

(7)
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Where,

At constant temperature and pressure the first derivative of ln

by ln

is given by

(8)

The plot of ln
of protons,

was plotted against the ln aw. Due to buffering, the difference in the number
, between the folded and unfolded state is negligible. The change in the activity

of co-solvents with respect to the change in activity of water is assumed to be insignificant over
the small range tested. Based on the previously reported work on duplexes and triplexes (D.
Miyoshi et al., 2006; Spink & Chaires, 1999), the linear slopes of the graph of eq. 8 give the
number of water molecules associated with each iM at the temperature studied, which in our case
was the physiologically relevant 37 °C.

3.4. Results

Single 5hmC and 5mC modifications do not inhibit the iM formation, but
hydroxymethylation of cytosine lowers the pKa
Initially, we evaluated whether the 5hmC and 5mC modifications affected the ability of
the DNA to adopt the iM conformation. The conformations of 22-mers at decreasing pH were
examined in order to determine the pKa (for iM formation, defined as pH where 50% of the
strands are folded). The characteristic CD signal maxima for iMs at 289 nm and minima at 254
nm were observed for modified strands, indicating that they formed iM structures. By measuring
the change in the ellipticity at 289 nm, the pKa were determined (Figure 3.1). This showed that
40

the pKa values were 6.1 (± 0.1) for C6T and 6.3 (± 0.1) for 5mC-C6T, but were slightly lowered
to 5.9 (± 0.1) for 5hmC-C6T. Thus, a single 5hmC modification reduced the pH induced stability
of the iM structure. The unfolding with respect to increase in pH for 5hmC modified construct
was strikingly different from that of 5mC as well as unmodified DNA; for 5hmC modification
the unfolding was highly co-operative. This lowering of pKa could be the result of an alternate
conformer of iM formed due to 5hmC modification. Also, 5hmC polarity may make it more
favorable for water molecules to interact with ssDNA, and hence the additional hydration
provided by 5hmC may be responsible for the ease of unfolding of the structure at relatively
lower pH.

Figure 3.1: pH denaturation of C6T(a), 5mC-C6T(b) and 5hmC-C6T(c). pKa is increases slightly with
5mC modification and is lowered with 5hmC modification. The pH melting curve shows a remarkable
cooperativity when the iM undergo 5hmC modification.
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Macromolecular crowding agents shift the pKa of iMs towards physiological pH,
while smaller co-solvents have no effect on the pKa
Physiologically, crowding agents and co-solutes occupy 20% - 40% of cellular volume
(Daisuke Miyoshi & Sugimoto, 2008). Hence, for evaluating the effects of co-solvents and
crowding agents on the iM structure of C6T, we used 40 %(w/v) of 1,2-dimethoxyethane, 2methoxyethanol, ethylene glycol, 1,3-propanediol, glycerol, and and PEG-300 as representative
of the cellular milieu (D. Miyoshi et al., 2006). The pKa measurements were repeated as
described above. Addition of co-solvents did not perturb the maxima and minima in the CD
spectra of iM structures. The low molecular weight co-solvents showed no effects on the pKa of
iMs (± 0.1). However, PEG-300 stabilized the iMs at higher pH. The pKa of the iM structure was
raised to 7.0 (±0.1) in the presence of PEG-300 (Figure 3.2), which is a considerable shift, and is
consistent with the previously published literature (Rajendran et al., 2010). The comparative
studies conducted using the crowding agent PEG 300 and other smaller co-solvents lead to the
conclusion that it is primarily crowding that is responsible for conferring the pH-dependent
stability. The direct interaction between ssDNA and macromolecules like PEG are
thermodynamically unfavorable (Bruylants et al., 2005). Hence, that the increase in stability of
iM in the PEG solution we attribute to the resistance offered by macromolecular crowding to iM
unfolding.
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Figure 3.2: pH scans for C6T in the presence of PEG-300. Molecular crowding shifted the pKa towards
neutral. However, the other smaller co-solutes did not show any pKa shifts.

Epigenetic modification by 5hmC results in iM thermal destabilization
In order to characterize the thermodynamic differences between the modified and
unmodified oligos, thermal denaturation experiments were conducted. The CD signal at 289 nm
(maximum for iMs) was then plotted against temperature. The melting profiles are shown in
Figure 3.3. All the three oligos melted in a fashion that could be described by a two-state
transition, but showed small yet significant (p-value < 0.05 using one way ANOVA) differences
in melting temperature of C6T when the cytosine was modified to 5hmC. 5hmC-C6T had the
lowest melting temperature of 40.5±0.6 °C, whereas 5mC-C6T and unmodified C6T have Tm at
43.7±0.3°C and 42.5±0.9°C respectively. The results of the fits to the Tm profiles for the 3 oligos
are shown in Table 3.1. The ΔG° of unfolding at 37 °C for 5hmC-C6T is substantially lower than
the other 2 oligos, indicating the unfolded state is more favorable. With 5hmC, the additional –
OH group likely leads to the increase in the water accessible surface area upon denaturation. As
with pH dependence, the –OH group in unfolded DNA can interact with water molecules,
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facilitating the unfolding of iMs at lower temperatures. Conversely, the methyl group of 5mC,
being non-polar, likely reduces the number of water molecules associated with ssDNA, making
5mC iMs more difficult to unfold. An alternative explanation for the lower melting temperature
of 5hmC-C6T could be attributed to a different conformation of iM in 5-hmC-modified DNA.
However, this seems unlikely given the similarity of the CD spectra for each DNA, modified or
not.

Figure 3.3: CD melting trends for C6T (□), 5hmC-C6T(●), and 5mC-C6T(▲). 5hmC modification
thermally destabilized the iM structure.
Table 3.1: Comparison of the thermodynamic parameters for melting of C6T, 5mC-C6T and 5hmC-C6T.
The indicate standard deviations. The (*) indicates that the difference in the thermodynamic parameters
between the epigenetically modified and unmodified DNA is significant. ANOVA (Turkey post hoc test)
and p< 0.05 was considered significant.
ΔHm
(kcal/mol)

Tm
(°C)

ΔG°
(kcal/mol)

C6T

42
±3

42.5
±0.9

0.8
±0.2

5mC-C6T

44.4
±0.3

43.7
±0.3

0.94
±0.05

*5hmC-C6T

37.9
±0.1

40.5
±0.6

0.42
±0.07
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The thermodynamics of iM melting systematically change with the total number of
and the vicinal hydroxyl groups in the co-solvents
The thermal stability of C6T iM is greatly dependent on the composition of the cosolvents. Non-ionic co-solvents like 1,2-dimethoxyethane (with no –OH groups), 2methoxyethanol (with a single -OH group), 1,3-propanediol (with 2 –OH groups), ethylene
glycol (with 2 vicinal -OH groups), and glycerol (with 3 vicinal -OH groups) were used from
10%-40% (w/v). Increasing amounts of 1,2-dimethoxyethane, 2-methoxyethanol increased the
thermal stability of the iMs structure, while glycerol lowered it significantly, and ethylene glycol
and 1,3-propanediol had little to no effects on the melting temperature. Hence, adding cosolvents did not always stabilize the iM structure; the composition of the co-solvents played an
important role. The thermodynamic parameters obtained from fitting the thermal melting data are
given in Table 3.2. The melting profiles for C6T in 1,2-dimethoxyethane, 2-methoxyethanol,
glycerol and PEG are shown in Figure 3.4. The melting temperature was raised approximately 10
°C on addition of 1,2- dimethoxyethane as well as PEG-300 in the cacodylate buffer. Further,
analyses were done to quantify the hydration of iMs in the presence of the different co-solvents.

45

Figure 3.4: (a) Thermal melting profiles for C6T in 10%(◊), 20%(●), 30%(▲), and 40%(■) cosolvents.
Melting temperature increases with the addition of dimethoxyethane.(b) Melting temperature increases
with the addition of 2-methoxyethanol.(c) Melting temperature decreases with the addition of glycerol.(d)
Melting temperature increases in the presence of crowding agent:PEG-300.
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Table 3.2: Comparison of the thermodynamic parameters of C6T in varying concentrations of the cosolvents and PEG-300 with standard deviations.
Co-solvent /
Crowding agent
Dimethoxyethane

Methoxyethanol

Ethylene glycol

Glycerol

PEG-300

40%
(w/v)

30%
(w/v)

20%
(w/v)

10%
(w/v)

ΔHm
(kcal/mol)

33.9
±1.7

34.6
±2.0

37.3
±0.8

43.0
±1.8

Tm
(°C)

52.0
±0.4

49
±1

46.5
±0.2

44.7
±0.3

ΔG°
(kcal/mol)

1.5
±0.2

1.3
±0.2

1.1
±0.1

1.04
±0.02

ΔHm
(kcal/mol)

32
±2

35
±2

38
±3

41
±2

Tm
(°C)

47.0
±0.2

45
±2

44.0
±0.1

43
±1

ΔG°
(kcal/mol)

1.0
±0.2

0.9
±0.2

0.8
±0.1

0.77
±0.02

ΔHm
(kcal/mol)

38.0
±0.4

36.7
±0.4

38.0
±1.0

37.1
±0.4

Tm
(°C)

40
±0.1

41.0
±0.1

42.2
± 0.3

42.1
±0.6

ΔG°
(kcal/mol)

0.6
±0.1

0.5
±0.2

0.6
±0.2

0.6
±0.1

ΔHm
(kcal/mol)

34
±3

41
±3

42
±2

42.5
±0.4

Tm
(°C)

39.0
±0.2

41.0
±0.1

43.0
±0.5

43
±1

ΔG°
(kcal/mol)

0.23
±0.03

0.5
±0.1

0.8
±0.2

0.8
±0.2

ΔHm
(kcal/mol)

31.1
±0.9

34
±2

37
±1

38
±1

Tm
(°C)

52.0
±0.2

50.2
±0.3

47.2
±0.2

45.0
±0.9

ΔG°
(kcal/mol)

1.4
±0.1

1.40
±0.01

1.2
±0.2

0.9
±0.2
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Under molecular crowding conditions or in the presence of co-solvents, the
epigenetic modifications lose their governance on the iM stability
When pKa and thermal melting experiments were done with the modified DNA in the
presence of the co-solvents, all the differences caused due to modifications were abolished
(Table 3.3). Thus, epigenetic modification only weakly governs the iM stability compared to cosolvents. From these experiments we conclude that in the cellular environment, the iM stability
would not vary significantly in the presence or absence of the modified cytosine residues. Table
3 below gives the comparisons of melting temperatures of 5hmC-C6T and 5mC-C6T in various
solvents and these temperatures are similar to the melting temperatures of C6T Table 2.
Table 3.3: Melting temperatures of epigenetically modified DNA strands in the presence of co-solvents.
5mC-C6T
(°C)

5hmC-C6T
(°C)

C6T
(°C)

40%
Dimethoxyethane

51.8
0.2

52.4
0.2

52.0
0.4

20%
Dimethoxyethane

46.2
0.2

46.6
0.2

46.5
0.2

40%
Methoxyethanol

46.6
0.2

46.9
0.4

47.0
2

20%
Methoxyethanol

43.4
0.3

43.5
0.2

44.0
1

40%
Glycerol

39.1
0.2

39.0
0.2

39.0
0.2

20%
Glycerol

42.9
0.2

43.1
0.2

43.0

40%
PEG-300

52.5
0.4

52.6
0.6

52.0
0.2

20%
PEG-300

47.4
0.3

48.9
0.9

47.2
0.2
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The stability of iM structure is affected by both hydration and molecular crowding
The stability of iMs is affected by the composition of the co-solvent, which governs the
hydration-state of the structure. To be able to quantify the hydration associated with the
intercalated DNA molecules at 37 °C, the water activity is plotted against ln Kobs (Figure 3.5).
From the slopes of the plots in Figure 7, we calculated that in the presence of glycerol there were
6 water molecules associated with the folded DNA structure, while ethylene glycol led to the
uptake of 1.4 water molecules per iM structure. However, 1,2-dimethoxyethane and 2methoxyethanol causes the release of 8 and 2 water molecules, respectively. Likewise, in the
folded state, PEG-300 facilitated release of 26 water molecules. Addition of 1,3-propanediol did
not result in either the uptake or the release of water molecules and the total number of water
molecules associated with iM-forming sequence remained unchanged between folded and
unfolded states. From the Tm data, we demonstrated that the presence of ethylene glycol and
glycerol lowered the Tm, while 1,2 dimethoxyethane, 2-methoxyethanol and PEG-300
considerably increased the thermal stability of C6T. Together, these results lead to a very
important inference that the iMs are stabilized by the release of water molecules. It has been
previously reported that the macromolecules like PEG do not interact with the DNA directly
since such interactions are thermodynamically unfavourable (D. Miyoshi et al., 2006). Therefore,
PEG-dependent stabilization of iMs are more likely a result of the molecular crowding
phenomenon, which restricts the degrees of freedom available for iMs to unfold, thereby
hindering the process of unfolding. In contrast to PEG, small molecules like 1,2dimethoxyethane, 2-methoxyethanol, ethylene glycol, 1,3-propanediol, and glycerol can directly
interact with both structured and random coiled single stranded DNA. These co-solvents can be
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either taken up or released during the secondary structure formation, along with water molecules.
In our studies, the glycerol, having 3 hydroxyl groups, increases the water molecules associated
with the iMs, thereby destabilizing the iM form. In contrast, dimethoxymethane favors the
release of water molecules associated with the DNA strand, imparting the stability to the iM
structure. More compact structures require less hydration, therefore the entropic penalty for
folding in glycerol is likely to disfavor the folded form.

Figure 3.5: Changes in Kobs with respect to changing water activity (aw)for C6T at 37 °C in pH 5.4
solutions. This plot looked identical for 5hmC-C6T and 5mC-C6T indicating that the solvent effects are
more pronounced than the effects caused by epigenetic modifications.

3.5. Discussion
With the recent confirmation of the existence of G4s in vivo (Biffi, Tannahill,
McCafferty, & Balasubramanian, 2013b), the probability of biological roles for iMs has
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increased significantly. The G4s/iMs are gene regulatory elements abundant near the TSS (Zhao
et al., 2007b) of several genes. The G4s/iMs are known to promote expression of certain genes.
As one example, the presence of G4s/iMs enhances myoD-dependent gene expression (Shklover
et al., 2010). In contrast, transcription of the c-myb gene is suppressed by G4/iM formation
(Palumbo et al., 2008). These conflicting roles in regulating gene expression indicate a complex
underlying mechanism of gene regulation. Hence, to develop a better understanding of the gene
regulatory function of iMs, it is important to comprehensively study and account for the factors
affecting the formation and stability of iMs in vivo.
One of the factors that might affect iM-stability is epigenetic modification. The cytosines
in mammalian DNA can undergo epigenetic modifications to 5mC and 5hmC (Gupta et al.,
2010; Matarese et al., 2011). Our determination of pKa of modified iMs indicated that the 5mC
modification shifted the pKa towards the physiological pH (from 6.1 to 6.3) while the 5hmC
modification shifted the pKa to more acidic pH (from 6.1 to 5.9). The thermal melting data
showed that a single cytosine modification to either 5mC or 5hmC did not inhibit the formation
of iMs at 37 °C. The 5hmC modification had the lowest melting temperature of 40.5±0.6 °C,
whereas 5mC and unmodified C6T have Tm at 43.7±0.3 °C and 42.5±0.9 °C, respectively. The
observed shifts in pKa and melting temperature indicate that 5mC and 5hmC modifications can
alter the conformational stability of iMs depending on experimental conditions. Therefore, these
modifications may need to be accounted for while studying transcriptional regulation of iMforming, epigenetically modified genes.
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Macromolecules including nucleic acids, proteins, and polysaccharides occupy 20-40%
of intracellular volume, resulting in the phenomenon of molecular crowding (Daisuke Miyoshi &
Sugimoto, 2008). Crowding conditions are known to stabilize G4s and triplexes (Spink &
Chaires, 1999). Experiments done in dilute aqueous buffers often exclude volume and osmotic
pressure effects found in cellular environment. Hence, we used PEG-300 as a surrogate to
introduce molecular crowding into our experiment on the stability of iMs. Concurring with the
earlier work on crowding and stability of iMs (Rajendran et al., 2010), our results demonstrate
that molecular crowding via PEG-300 significantly increased the pKa of iMs approximately to
physiological pH (7.0). Also, addition of PEG-300 increased the Tm of iMs. Our data indicate
that the increased Tm and pKa result from the resistance offered by the crowding agents to the
unfolding process, making the folded form more favored. Hence, along with above-mentioned
epigenetic modifications, crowding conditions should also be accounted for while aiming to
understand conformational dynamics, energetic landscapes of folding/unfolding and gene
regulatory mechanisms involving iMs.
Owing to their pH- and temperature-dependent conformational response, iMs are being
used in a diverse range of nano-technological applications (Shimron, Magen, Elbaz, & Willner,
2011). These applications include drug delivery systems, nano-circuitry, and mechanical motors.
For example, Pu et al. have developed a supramolecular complex based on iMs that is capable of
performing multiplex logical operations. The ability iMs/G4s to undergo conformational
variation (from tetraplex to duplex) in response to temperature and/or pH stimuli is harnessed to
operate these logic gates. In order to build logic gates operational over different temperature- and
pH-range, Pu et al. have suggested altering the sequence and the length of iM-forming
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oligonucleotides. Alternatively, our studies show that introducing 5mC and 5hmC modifications
in intercalating cytosines alter both pKa and at Tm of iMs. Thus, 5mC and 5hmC modifications
could be used to fine-tune the pH- and temperature dependent iM conformational switching of Crich sequences. The pH- and temperature-dependent response of iMs can also be varied by
changing the environment in which iMs are formed. For example, the presence of a co-solvent
like glycerol lowers the Tm of iMs and hence glycerol could be used to design iM-based logic
gates that operate over a narrower range of temperature changes. In contrast, crowding agents
like PEG-300 raise the Tm of iMs, resulting in a molecular switch that undergoes a
conformational change at higher temperatures. Overall, our work on the effects of epigenetic
modifications, hydration, and crowding effects provides a systematic study of ways to modulate
iM-based conformational changes.

3.6. Conclusions
In this work, we have examined the stabilities of iMs for comparison with prior work on
DNA G4s, duplexes, and triplexes (D. Miyoshi et al., 2006; Spink & Chaires, 1999). In dilute
aqueous solutions, modification of cytosine to 5mC raised the pKa and Tm of iMs, while
modification to 5hmC lowered the pKa and Tm. The introduction of molecular crowding by using
PEG-300 stabilized the iMs vs both temperature and pH. However, under molecular crowding
conditions, neither 5mC nor 5hmC modification could alter the stability of iMs. The degree of
hydration of iMs changed their temperature-dependent stability. Depletion of water molecules
associated with folded-iMs stabilized them against thermal melting, indicating an important cosolvent dependence. Our methodical study of the effects of hydration and molecular crowding on
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iMs suggests that micro-environment around the iMs should be accounted for while studying
these structures. Thus, both epigenetic modification and the matrix surrounding the iMs affect
their formation, and hence these factors could be used both for understanding the physiological
roles of iMs and for fine-tuning pH- and temperature-dependent responses of nano-devices based
on iM structures.
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CHAPTER 4
QUANTIFYING THE ENERGETIC CONTRIBUTION OF
TRANSCRIPTION FACTOR BINDING TO FACILITATE THE
FORMATION OF DNA I-MOTIF
4.1 Abstract
Thermodynamically, DNA duplexes are more stable that the secondary structures that are
formed from single stranded DNA. Hence, significant amount of energy is required for DNA to
transition from duplex to single-stranded structure in order to form i-motifs, resulting in higher
ΔGo of formation than duplex DNA. The sources of this additional energy required to form iMs
from duplex DNA are not fully defined. Hence, assuming that there is no kinetic trap, we
proposed that proteins binding to DNA iMs may contribute toward formation of iMs by
providing a part of the missing free energy. In order to estimate the energetic contributions of
protein binding to the formation of iMs, we used Poly Cytosine Binding Protein 2 (PCBP2),
which is known to bind to cytosine rich DNA. Our results showed that the protein binding to iMs
contributed to approximately 10 kcal/mol of energy towards the formation of iM.
4.2. Introduction
The G4s and iMs are formed when DNA is relaxed and is transiently single stranded during

the processes such as transcription and replication. However, the energetic cost of formation of
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G4s/iMs over the formation of duplex is very high. Lane, et al.(Lane et al., 2008) estimated the
free energy required in order to open the duplex DNA to its single strands and compared that
with the energy gain upon stabilization of the G4/iMs. The difference was 20−30 kcal/mol
needed to form the G4/iMs. We hypothesized that proteins that bind specifically to the iM
structures could contribute towards the additional energy required to form iMs. However, this
would require the Kd of the protein-iM interactions to be somewhere on the order of 10-14 M,
which is a very low value for a dissociation constant and rarely do biological interactions have
such low Kd. Hence, we postulated that the protein binding to DNA might be able to compensate
for only a part of the energy difference between duplex DNA and tetraplex iMs.
In our studies, we have used different domains of Poly Cytosine Binding Protein 2
(PCBP2) as a transcription factor to bind to the iM-forming 51-mer sequence from the promoter
region of c-myc gene. The PCBP2 protein belongs to the family of heterogeneous nuclear
ribonuclear proteins. Structurally, PCBP2 is composed of 3 KH domains; each of the KH
domains is composed of 3α -helices and 3 ß-sheets and are separated by intervening loop regions
(Figure 4.1). This structure is common to all PCBPs.
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Figure 4.1: Showing all three KH domains of PCBP2 and hnRNP K. At the bottom is the schematic of
KHI domain showing 3 α-helices and 3 β-sheets.

PCBP2 protein was chosen because the i-motif formation is achieved in vitro at pH 5.4
and PCBP2 is known to be biologically active at pH 5.4 (unlike most other iM-binding
transcription factors, including hnRNPK, which is structurally and compositionally similar to
PCBP2 but stable only at physiological pHs).
In general, despite that the G4/iMs structures are being studied for more than couple of
decades and the transcription factors like hnRNP K are shown to bind the C-rich strand of both
the c-myc and VEGF promoters, there have been no studies to report on the affinity constants for
hnRNP K or its domains binding to the iM-forming C-rich strand of DNA. Also, it is unknown
whether the strands maintain the iM-structure or instead adopt unstructured ssDNA
conformations after binding with transcription factors. Hence, in the following research we will
not only quantify the dissociation constants for protein-DNA binding but also gather the
structural consequences of PCBP2 binding to c-myc iM.
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4.3. Materials and Methods
Plasmids and cell line for expression of PCBP2 domains: The sequence for KH1 and
KH3 domains was engineered in pGS-21a vector purchased from Genscript (New Jersy, USA).
The pGS-21a vector contains gene for ampicillin resistance and genes for expressing Histidineaffinity and GST-affinity tags towards the N-terminus of the protein. The gene encoding for KHdomain was inserted right after the enterokinase cleavage site so that the tags could be separated
from purified protein by enterokinase digestion. The plasmid was then transformed into BL21
(DE3) competent cells purchased from Life Technologies (Carlsbad, CA).

Protein over-expression: The transformed cells were streaked on LB-agar plate
containing Ampicillin and the plate was kept overnight in 37° C incubator. A single colony was
picked from the plate and grown overnight in a 5ml LB culture. This culture containing the cells
was then added to 1 liter flask containing LB-Ampicllin media and the cells were grown at 37° C
on a shaker at 250 r.p.m. The cell growth was measured by checking the optical density of the
media after regular intervals. Once the optical density reached the value of 0.6-0.8, the IPTG was
added to the flask such that the final concentration of IPTG was 0.04 mM. After induction with
IPTG, the cells were allowed to grow for 3 more hours. These cells were then isolated form the
media by centrifugation at 2000 rcfor 15 mins. The isolated cells were lysed using B-PER
(Bacterial protein extraction) reagent from Pierce Biotechnology (Rockford, IL). The soluble
fraction of the lysate was then separated by centrifuging at 19000 r.p.m for 40 mins. The protein
at this stage was in the soluble fraction.
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Protein Purification : The soluble fraction of the lysed bacterial extract was equilibrated
with GST column binding buffer (1 X PBS buffer: 10 mM Na2HPO4, 1.8 mM KH2PO4, 140 mM
NaCl, 2.7 mM KCl, pH 7.3). The protein solution was then poured over the GST column and
washed with 1X PBS buffer (wash buffer and binding buffers are the same for GST column).
The protein attached to GST-tag was then eluted (collected separate fractions) from the column
using freshly-prepared elution buffer (Elution Buffer:10 mM glutathione, or 0.154 g of reduced
glutathione dissolved in 50 ml of 50 mM Tris-HCl, pH 8.0). Each eluent fraction was then
concentrated using centrifugal concentrating units and electrophoresed on a 12% SDS page gel
in order to locate the fractions containing proteins. All the elution fractions containing proteins
were then combined and dialyzed overnight at 4 °C in 50 mM Tris-HCl buffer in order to remove
the glutathione. Following dialysis, the protein was cleaved from the GST-/His- tag by
enterokinase enzyme obtained from Genscript (New Jersey, USA) and once again equilibrated
with GST-binding buffer in order to run over the GST column. Since the protein is now cleaved
from the tag it is present in flow-through and wash fractions, while the tag sticks to the column.
The protein is collected, concentrated, and electrophorese on SDS-page gel to confirm the size.
Both KH1 and KH3 domains are devoid of any tryptophan or tyrosine and hence the
concentration cannot be measured using UV spectroscopy. We used Bradford’s assay to measure
the protein concentration. A sample gel of purified protein is shown in Figure 4.2 and a graph
generated from Bradford’s assay is shown in Figure 4.3.

59

Figure 4.2: Gel picture showing protein purification is steps.

Figure 4.3: Bradford’s assay to measure the concentration of protein ; star denotes the absorbance of
KH1, which corresponds to the concentration of ~ 40 μg/ml
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Protein binding to myc promoter: The 51-mer oligonucleotide from the iM forming
region of c-myc gene was purchased from Midland certified (Midland, TX); the C-rich strand
had the sequence: 5'-TCC TCC CCA CCT TCC CCA CCC TCC CCA CCC TCC CCA TAA
GCG CCC CTC CCG G-3'. Approximately 50 nM of DNA was take in pH 5.4 acetate buffer.
This DNA was then heat treated at 80 °C for 10-15 min and allowed to cool down for 30 min.
The DNA was then was incubated with increasing (0−1000 nM) concentrations of the KH1 or
KH3 domains of PCBP2 in 50 mM sodium acetate buffer, 1mM DTT, 0.1 mM EDTA, pH 5.4 at
room temperature. The reaction mixture was then loaded on 15% PAGE gel and electrophoresed
at 4 °C and 15 mA. The DNA on the gel was stained using SYBR gold, which is can stain
ssDNA single strands. The bands on the gels were analyzed for the intensity using a gel analysis
tool called Image J. Further, using GraphPad Prism software, the binding curves were fitted to a
single-site binding hyperbola to obtain the Kd values. This same experiment was repeated with
the reaction buffer containing 40% PEG-6000 to assess the binding constants under molecular
crowding conditions.

Circular Dichroism (CD): CD spectra of the solution containing protein bound to DNA
were taken at varying temperatures on Olis instrument (DSM 20 CD). Each spectrum was
collected from 340 nm to 220 nm. For comparison CD spectra of 51-alone at pH 5.4 in acetate
buffer was also collected.
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4.4. Results
Both KH1 and KH3 could bind to 51-mer iM-forming sequence at pH 5.4
Both KH1 and KH3 could bind to the cytosine rich DNA strands under at acidic pHs as
well as physiological pHs. The binding was observed using electrophoretic mobility shift assay
(EMSA) using PAGE gels. As the amount of protein loaded on the gel increased the fraction of
unbound fraction progressively decreased. The fraction of DNA bound was observed as a supershifted band, which progressively increased in the intensity in dose-dependent manner as more
and more KH1/ KH3 proteins were bound. The gel showing unbound DNA and the super-shifted
bound fraction of DNA are shown in Figure 4.4. When the binding was carried under molecular
crowding conditions with 40% of PEG-6000 the gels yielded similar results.

Figure 4.4: (A) shows binding of DNA with respect to increasing concentration of KH1; (B) shows
binding of DNA with respect to increasing concentration of KH3.
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Both KH1 and KH3 contribute to the energy required in order to stabilize DNA iMs
The gel pictures shown above were analyzed for the intensity of bound/unbound fractions
using Image J and the normalized intensity of bound fraction of DNA was plotted against the
concentration of KH1/KH3 added. The binding constant for KH1 –DNA interaction was
calculated to be 228 nM ± 23 nM; the binding constant for KH3- DNA interaction was calculated
to be 260 nM ± 28 nM. The single site binding hyperbola for both KH1 and KH3 binding to cmyc 51-mer are shown in Figure 4.5.

Figure 4.5: The binding curve on left shows increasing fraction of bound DNA with increasing
concentration of KH1 and the curve on the right shows increasing fraction of bound DNA with increasing
concentration of KH3.

The values of the dissociation constants obtained above curve were used in order to
estimate the free energy contribution of KH1/KH3. Approximately, a significant amount, -10
kcal/mol of energy is contributed by each of the two domains toward formation of an iM. The
experiments done is the presence of 40% crowding agents also yielded the similar Kd values
indicating that the under the crowding conditions in vivo the binding constant might not vary
much from the values obtained for the experiments under dilute conditions.
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CD measurements show that DNA remains in an iM conformation after protein
binding.
After estimating the binding constant it was essential to confirm the structural integrity of
iM structure in order to study the consequences of KH1/KH3 binding to the DNA. The
transcription factor binding could have consequences on the structure and melted the DNA to
single-stranded conformation. However, our results show that the iM structure was retained after
binding to either of the proteins. The CD scans were collected at different temperatures and are
shown in Figure 4.6

Figure 4.6: (a) shows the melting profile of 51-mer myc DNA sequence with increasing temperature. (b)
shows melting profile of 51-mer myc DNA , which is bound to either KH1/KH3; this profile shows that
the iM conformation of DNA was retained after protein binding between the temperatures ranging from
20 °C to 47 °C; on cooling back the sample we recover the DNA in iM-conformation.

4.5. Discussion and Conclusions
DNA iMs and G4s have been widely studied for their physiological roles as
transcriptional regulators; yet the factors that contribute to formation and retention of these
higher energy structures in vivo are not fully accounted for. The knowledge of such factors could

64

be applied during development of targeted drug therapies for controlling gene regulation via
conformational switching of iMs. Our results show that transcription factors contribute
significantly towards the formation of iMs. The free energy contribution for binding of
KH1/KH3 domains of the PCBP2 protein to the stability of iMs was about -10 kcal/mol, which
comprises about 30% - 50 % of additional energy that is required to melt the duplex DNA in to
single stands and eventually fold to form tetraplex iMs. Our data provides for the very first time
an approximation of energetic contribution of transcription factor binding to the fully folded
iM’s structure.
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CHAPTER 5
EVALUATION OF FLUORESCENT ANALOGS OF DEOXYCYTIDINE
FOR MONITORING DNA TRANSITIONS FROM DUPLEX TO
FUNCTIONAL STRUCTURES
5.1. Abstract
Topological variants of single-strand DNA (ssDNA) structures referred to as “functional DNA,”
have been detected in regulatory regions of many genes and are thought to affect gene
expression. Two fluorescent analogs of deoxycytidine, Pyrrolo-dC (PdC) and 1,3-diaza-2oxophenoxazine (tC°), can be incorporated into DNA. Here, we describe spectroscopic studies of
both analogs to determine fluorescent properties that report on structural transitions from doublestrand DNA (dsDNA) to ssDNA, a common pathway in the transition to functional DNA
structures. We obtained fluorescence-detected circular dichroism (FDCD) spectra, steady-state
fluorescence spectra, and fluorescence lifetimes of the fluorophores in DNA. Our results show
that PdC is advantageous in fluorescence lifetime studies because of a distinct ~2 ns change
between paired and unpaired bases. However, tC° is a better probe for FDCD experiments that
report on the helical structure of DNA surrounding the fluorophore. Both fluorophores provide
complementary data to measure DNA structural transitions.
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5.2. Introduction
DNA single strands can hybridize to form higher-order functional structures, which
include hairpins, triplexes, and quadruplexes (Burge et al., 2006; Frank-Kamenetskii & Mirkin,
1995; M. S. Han, Lytton-Jean, & Mirkin, 2006; Wadkins, 2000). The existence and physiological
relevance of these secondary structures in vivo has been the subject of much controversy.
However, several in vivo techniques have confirmed the presence of DNA secondary structures
in telomeres and regulatory regions of specific genes (e.g., BCL-2, c-myc) (Lipps & Rhodes,
2009; McMurray, 1999; Moore, Greenwell, Liu, Arnheim, & Petes, 1999; Nambiar et al., 2010).
Secondary structures may also serve as specific targets recognized by drugs, such as actinomycin
D and PIPER, as well as transcription factors, such as Sp1, because of their topological variance
from duplex Watson-Crick DNA (Davies, Pahomov, & Veselkov, 1997; Maueler, Bassili,
Epplen, Keyl, & Epplen, 1999). On account of their occurrence in regulatory regions and their
structural peculiarity, functional DNA structures may serve as biological microswitches for
altering transcription by silencing or enhancing gene expression (Brooks & Hurley, 2009;
Brooks, Kendrick, & Hurley, 2010) Exercising control over gene expression by controlling the
activation of these switches and/or introducing new switches in biological circuits could
revolutionize medical research and offer new avenues of treating genetic disorders. For
exercising such control, it is imperative to understand the factors affecting the mechanism of
formation and maintenance of functional structures at a fundamental level.
Numerous fluorescent analogs of DNA bases have been evaluated for examining the
subtleties of DNA transitions (Kimoto et al., 2010; Rist & Marino, 2002; Sandin, Börjesson, et
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al., 2008). Locating an appropriate probe that could map the mechanistic aspects of transition of
double stranded (ds) DNA to single stranded (ss) secondary structure is a first step toward
monitoring the formation of complex, higher-order structures since ssDNA is an intermediate in
the pathway to functional structures. In the following report, we present a comparative study of
two deoxycytidine analogs, PdC and tC° (Figure 5.1), to evaluate their suitability as fluorescent
reporter probes for DNA transitions.

Figure 5.1: Structures of PdC and tC°

The properties of pyrrolocytosine and the effects of base stacking and hydrogen bonding
on its quantum yield in nucleic acids have been previously evaluated (Hardman & Thompson,
2006). Based on this prior work, we reported the use of PdC to determine hairpin formation in
short oligos (16 nucleotides) (X. Zhang & Wadkins, 2009). The fluorophore was stable in these
oligos and did not perturb DNA structure. This result implied that PdC might be a useful probe
for investigating more complex DNA functional structures in detail. However, to overcome
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certain limitations of PdC, we also explored another recently characterized fluorescent base
analog, tC°.
The tC° has a quantum yield five-times greater than PdC ( Qf = 0.30 for tC°) and a molar
absorptivity maximum of 9000 M−1 cm−1 at 360 nm (Preus, Kilsa, Wilhelmsson, & Albinsson,
2010). The absorbance wavelength of tC° is similar to PdC, which allows both to be easily
distinguishable from DNA. Both of these fluorophores have been reported to be quenched,
relative to the single strand, when base-paired with guanine, making it easy to determine when
the DNA is in the duplex form (Sandin, Borjesson, et al., 2008; Sandin et al., 2005; X. Zhang &
Wadkins, 2009). In addition, unlike PdC, tC° has only minor variations in fluorescent properties
caused by surrounding bases (Wilhelmsson, 2010). However, like PdC, tC° induces little or no
changes in stability upon incorporation into dsDNA. High quantum yield, retention of the
original configuration of DNA, and quenching when base-paired suggested that tC° would be a
useful fluorescent probe for mapping the transition of duplex DNA to a functional DNA structure
spectroscopically. In this chapter, we compare spectral properties of tC° and PdC for use as
reporters of DNA conformation. The DNA sequence used is known to form a cruciform structure
in the cloning vector pBR322 under superhelical duress (Horwitz, 1989; Lilley, Chen, &
Bowater, 1996). This sequence was chosen since the results from the work described here will
provide a context for interpreting data in future studies of the PdC and tC° incorporated into this
supercoiled plasmid. Hence the effect of supercoiling on functional structure formation and
conformation can be potentially probed with these fluorescent bases.
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5.3. Materials and methods
DNA oligonucleotides sequence:
5′-TGA GGT TAA GGG ATT TTG GTC ATG AGA TTA TCA AAA AGG ATC TTC* ACC
TAG ATC CTT TTA ATT AAA AAT GAA GTT TTA AAT CAA TCT AAA GTA TAT ATG
AGT AAA CTT GGG C -3′
including those incorporating PdC and tC° (* indicates that the location of incorporation of the
fluorophore), were obtained from Midland Certified Reagent Co. (Midland, TX, USA). All
oligos were dissolved in TE buffer (10 mM Tris, 1 mM EDTA, pH 8) made from spectroscopicgrade reagents obtained from Fisher Scientific. Purity of each oligo was assessed using agarose
gels, which showed no other higher or lower molecular weight contaminations. CD and FDCD
experiments were performed using a circular dichroism instrument (Model 202SF, AVIV
Biomedical Inc. Lakewood, NJ, USA) and fluorescence lifetime measurements were conducted
on a multifrequency cross-correlation phase and modulation fluorometer (model K2, ISS Inc.,
Champaign, IL, USA).
Duplex oligos: After ensuring the purity of the single-strand PdC, tC°, and wildtype
(ssPdC, sstC°, and ssWT; the WT contains no fluorophore) oligos, each was mixed with a slight
molar excess of their complementary strand. This was heated to 80°C for 20 minutes, and then
cooled to room temperature to anneal strands. The double-strand oligo formation was confirmed
by observing the difference in migration of ds- and ss-oligos on agarose gels and compared to a
DNA ladder of the known length. In addition, duplex was the only strand observed after staining
with the SYBR Gold, which stains both ss- and dsDNA.
CD and UV absorbance:CD spectra were recorded using a quartz cuvette having an
optical path length of 1 cm. All oligos analyzed were in 700 μL volume at concentration of
0.35 μM. Wild-type oligos were analyzed to ensure that the signals were not modified by the
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fluorophores. Each data point was averaged over an integration time of 1 s per nm. CD signals
were collected from 25°C to 90°C over the range of 220 nm to 420 nm to check for any change
in the global conformation of the single-stranded and double-stranded WT, PdC, and tC° oligos.
While performing CD scans, the total UV absorbance of each oligo was also collected.
FDCD: FDCD spectra were collected using a quartz cuvette of 1 cm path length. Oligos
analyzed were in a total volume of 70 μL and at the concentration of 8.5 μM. Each FDCD scan
was averaged over 15 seconds per nm in order to increase signal-to-noise ratio. The excitation
wavelengths were from 300 nm to 420 nm at temperatures ranging from 25 °C to 90 °C.
Emission was obtained by using a 450 nm cut-on filter.
Steady-state fluorescence: Steady-state fluorescence spectra were analyzed for ss- and
ds- (WT, PdC, and tC°) oligos. All the oligos had concentration of 0.35 μM in TE buffer (10 mM
Tris, 1 mM EDTA, pH 8). Excitation scans were collected over the wavelength range of 220–
400 nm, with the emission wavelength fixed at 450 nm. Emission spectra were taken over the
wavelength ranging from 400 nm to 580 nm with the excitation wavelength fixed at 350 nm. The
ss- and dsWT oligos were used as a baseline signal and subtracted from the steady-state
fluorescence data.
Fluorescence lifetime measurements: Fluorescence lifetime was measured for both ssand ds-oligos using a frequency domain lifetime instrument. The cuvettes used were of 1 cm path
length. Excitation wavelengths were 350 nm and 368 nm for PdC and tC°, respectively. Data
were collected from 10–240 MHz frequencies with 100 iterations at each frequency and 40 total
frequencies from which the lifetimes were calculated. Both the individual decays (fitted to 2
components) and average lifetimes are reported.
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5.4. Results
Incorporation of fluorescent dC analogs does not perturb DNA structure
In order to assure that no structural perturbations were introduced by insertion of the
fluorophores in the oligos, changes in absorbance at 260 nm were monitored at varying
temperatures to determine duplex melting temperatures as well as any transitions occurring in
ssDNA (data not shown). The data indicated that the ssWT, ssPdC, and sstC° undergo similar
spectral changes with temperature, indicating no perturbations to the ss-structures after
replacement of cytidine with PdC or tC°. The absorbance for all ssDNA increases by ~10% from
25 °C to 40 °C, signifying reorientation of the strands during melting. Thus, introduction of
either PdC or tC° did not lead to the formation of any additional secondary conformation in ssoligos as predicted based on the previous literature (Sandin, Börjesson, et al., 2008; A. Y. Q.
Zhang, Bugaut, & Balasubramanian, 2011). No perturbation of dsDNA by PdC or tC° was
observed. All duplexes melted at 45 ± 3 °C in TE buffer. This indicated dsDNA containing the
fluorescent bases were readily formed and stable at 25 °C. Hence, PdC and/or tC° could be used
to investigate single- and double-stranded regions of DNA functional structures.
Circular dichroism (CD) spectroscopy was also used to investigate whether the overall
helical structural conformation of the DNA might have been affected by the fluorophores
(Figure 5.2). Our results, in agreement with melting data from absorbance and the literature,
indicated that the fluorophores did not affect the structure of the duplexes or the manner in which
they melted (Johnson, Baase, & von Hippel, 2005b; Jose, Datta, Johnson, & von Hippel, 2009;
X. Zhang & Wadkins, 2009). There were only negligibly small changes in the CD spectrum with
temperature for ss-oligos, which indicated little structure at any temperature as compared to
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dsDNA. The dsDNA oligos showed considerable CD, consistent with the common global
spectral features typical of B-DNA (Kypr, Kejnovska, Renciuk, & Vorlickova, 2009). Major
changes in the CD signal of dsDNA with respect to the temperature were observed at 245 nm,
with relatively smaller changes that occurred at 280 nm. These CD spectra and their temperature
dependence illustrated that the DNA is not affected by replacing cytidine with PdC or tC°.
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Figure 5.2: The characteristic CD spectrum of wild type ss- and ds-oligos as a function of temperature.
All samples were at 0.35 μM concentration.
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The local helical structure of DNA can be probed by induced FDCD of tC°
Circular dichroism has been used for detecting the local environmental changes around PdC
integrated into DNA (Johnson, Baase, & von Hippel, 2005a). However, the direct detection of
CD by PdC or other base analogs is restricted to analogs that either have an absorbance far
enough removed from the DNA λmax of 260 nm to prevent spectral overlap or are incorporated
into short DNA sequences. In both cases, significant amounts of DNA are required to obtain
good signal-to-noise. An alternative approach to direct CD observation is to use FDCD to study
the local environment of the fluorescent base analog. Since our previous data has sufficiently
demonstrated that the replacement of deoxycytidine with either PdC or tC° does not affect the
original DNA structure, we analyzed the fluorophores by FDCD to explore the local structural
changes occurring around the base. In our studies, PdC-containing DNA at concentrations up to
8.5 μM did not show any FDCD signal over the temperature range of 25 °C to 90 °C, suggesting
that PdC’s low quantum yield is insufficient for FDCD measurements at reasonable DNA
concentrations with our instrument. However, tC° showed a strong FDCD signal for both ss- and
dsDNA between 300 nm and 420 nm even at submicromolar concentrations (0.5 μM; Figure 5.3).
The FDCD signal for duplex DNA was significantly larger than that for the ss oligo. In addition
it had a positive value throughout, indicating the base was stacked parallel to the bases in the
vicinity. The lower intensity of the peak in ss-oligos is attributed to the residual structure at room
temperature. Thus, tC° is a very effective probe for monitoring the localized changes occurring
in DNA structure in response to variations in structural parameters.
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Figure 5.3: FDCD spectra with respect to temperature for PdC and tC°. The low quantum yield of PdC
did not allow for detection of FDCD at this concentration. ΔF/F is the difference in the fluorescence
caused by left- and right-handed polarized light over total fluorescence of the fluorophore.

FDCD data obtained can be used for predicting the molecular details of higher-order secondary
structures. For example, in case of loop regions of i-motif and cruciform structures, tC° will
exhibit lower FDCD signal since these regions are less structured. However, tC° substituting for
dC in the regions where base-pairing occurs should show higher FDCD signals. These structural
details could then be used to assess the stabilities of functional DNA structures after binding of
transcription factors or drugs.
Fluorescence Properties of the Base Analogs Reveal Their Pairing State
Fluorescence intensities of PdC and tC° depend on their hydrogen bonding state, and decrease if
the fluorophores are base (Sandin, Börjesson, et al., 2008; X. Zhang & Wadkins, 2009).
Figure 5.4 clearly demonstrate this quenching of fluorescence for both PdC and tC° in duplex
dsDNA versus unpaired ssDNA. Fluorescence intensities from ssDNA to dsDNA are lowered by
approximately 60% and 40% for PdC and tC°, respectively. Figure 5.4 also shows the difference
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in the quantum yield of PdC and tC°, with PdC exhibiting significantly lower fluorescence. Both
the fluorophores had an excitation maximum at 350 nm and an emission maximum of 450 nm
that did not change in ssDNA versus dsDNA. These decreases in the fluorescence and the
location of the maxima are consistent with the known literature (Nambiar et al., 2010; Sandin,
Börjesson, et al., 2008).

Figure 5.4: Excitation and emission spectra of PdC and tC° incorporated in ss- and dsDNA. The
solid and dotted curves stand for excitation and emission spectra, respectively. All samples were
at 0.35 μM concentration.
Like steady-state intensities, fluorescence lifetimes of PdC and tC° decrease when they
are paired to their complementary base (Sandin, Börjesson, et al., 2008; X. Zhang & Wadkins,
2009). Since fluorescence lifetimes are independent of concentration, their decrease has the
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potential to be used for differentiating paired bases from unpaired, thus they can be used for
deductively mapping functional DNA structures. Lifetime data was obtained at room temperature
for both ss- and ds-oligos. Two lifetimes (τ1, τ2) were fit to the phase-modulation data. The
weighted average of the two lifetimes, τ1, and τ2 , were calculated and reported as <τ > in
Table 5.1. These weighted averages indicate that the lifetimes for tC° decreased slightly (0.3 ns)
with respect to the strandedness. In contrast, PdC showed appreciable difference (1.9 ns) between
single and duplex oligos. These lifetime values are similar to those previously reported (Sandin,
Börjesson, et al., 2008; X. Zhang & Wadkins, 2009). To unambiguously differentiate between
the ss- and ds regions of the secondary structures, greater differences in lifetimes of base-paired
and unpaired fluorophores are required. Thus, the lifetime data indicates that PdC is a better
choice than tC° for assessing the strand base-pairing in DNA via this methodology. Similar to
FDCD, lifetime measurements can facilitate the studies to observe differences between ss loop
regions and ds regions in functional DNA structures like i-motif and cruciforms, and hence aid
the studies to investigate formation and stability of secondary structures.
Table 5.1: Fluorescence lifetimes of PdC and tC° in single- and double-strand DNA. The τ1 and τ2 are
obtained by fitting a double exponential decay curve to the data, and f1 and f2 are fraction of fluorescence
corresponding to lifetimes τ1 and τ2 , respectively. The χ2 indicate the measure of error in the fit. The
value < τ > is average lifetime calculated by ∑fiτi2/∑fiτi.

Oligo

τ1 (ns) f1

τ2(ns) f2

χ2

< τ >(ns)

ss tC°

5.3

0.9

1.7

0.1

2.0

5.1

ds tC°

5.1

0.8

1.8

0.2

1.5

4.8

ss PdC

5.2

0.7

0.7

0.3

1.9

5.1

ds PdC 3.3

0.6

0.1

0.3

1.4

3.2
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5.5. Conclusions
In this chapter, spectroscopic techniques were used to determine the appropriate
fluorescent deoxycytidine analog for probing the transition of duplex DNA into topologically
distinct functional nucleic acid structures. Our conclusion is that neither analog tested is a perfect
reporter. Rather, we suggest the two should be used in conjunction to obtain an overall
description of changes to nucleic acid structure. While tC° has a very good quantum yield that
allows for FDCD analysis, it exhibits only minor changes in fluorescence lifetime between ss- or
dsDNA. PdC, on the other hand, undergoes a substantial decrease in the fluorescence lifetime
when base-paired, but shows no FDCD signal at concentrations appropriate for most biochemical
studies. Hence, we conclude that to map the transition of duplex DNA to other functional forms,
both PdC and tC° at concentrations up to 8.5 μM can be used, depending on the structural
information desired. We are now investigating spectral changes incurred by these probes, when
they are contained within well-known functional DNA structures, such as quadruplex and i-motif
DNA.
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CHAPTER 6
SUMMARY
In this dissertation, we have primarily examined the effects of epigenetic modifications,
macromolecular crowding, degree of hydration, and the transcription factor binding on the
thermodynamic stability of i-motifs. Circular Dichrosim is the primary technique used in order to
perform the stability studies. We have also generated a genome-wide (human embryonic stem
cells) library of genes in which the cytosines occurring in the putative i-motif forming sequences
are epigenetically modified to 5-hydroxymethy cytosines. Further, we have located two different
fluorescent analogs of cytosine in order to report on and map base-by-base transition of from ssDNA to secondary structures like hairpins.
In Chapter 2, we analyzed the co-localization of putative G4/iM-forming sequences with
the 5-hydroxymethylation. We concluded that despite the fact that 5hmCs and G4s/iMs are
abundant near TSS of several genes, a very small fraction of genes having G4/iM-forming
potential showed the presence of 5hmC-modification. This led us to further evaluate the
significance of this particular subset of genes for their physiological roles. We found that those
genes that have three or more 5hmC associated with the G4/iM-forming sequences and that are
located upstream of the TSS, ligand binding activity and enzyme regulation were predominant
molecular functions. For the genes with 5hmC enrichment located downstream from the TSS,
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ligand binding activity and receptor activities predominated. Closer inspection suggested that
genes highly enriched in 5hmC are involved in cell differentiation, proliferation, apoptosis and
embryogenesis.
In Chapter 3, we have examined the temperature and pH- dependent stabilities of
iMs for comparison with prior work on DNA G4s, duplexes, and triplexes (D. Miyoshi et al.,
2006; Spink & Chaires, 1999). In dilute aqueous solutions, modification of cytosine to 5mC
raised the pKa and Tm of iMs, while modification to 5hmC lowered the pKa and Tm. The
introduction of molecular crowding by using PEG-300 stabilized the iMs vs both temperature
and pH. However, under molecular crowding conditions, neither 5mC nor 5hmC modification
could alter the stability of iMs. The degree of hydration of iMs changed their temperaturedependent stability. Depletion of water molecules associated with folded-iMs stabilized them
against thermal melting, indicating an important co-solvent dependence. Our methodical study of
the effects of hydration and molecular crowding on iMs suggests that micro-environment around
the iMs should be accounted for while studying these structures. Thus, both epigenetic
modification and the matrix surrounding the iMs affect their formation, and hence these factors
could be used both for understanding the physiological roles of iMs and for fine-tuning pH- and
temperature-dependent responses of nano-devices based on iM structures.
In Chapter 4, we have quantified the energetic contribution of transcription factor binding
to the formation of iM structure. Our results show that transcription factors contribute
significantly towards the formation of iMs. The free energy contribution for binding of
KH1/KH3 domains of the PCBP2 protein to the stability of iMs was about -10 kcal/mol, which
comprises about 30% - 50 % of additional energy, that is required to melt the duplex DNA in to
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single stands and eventually fold to form tetraplex G4/iMs. Our studies for the very first time has
provided for an approximation of energetic contribution of transcription factor binding to the
fully folded iM structure.
In Chapter 5, spectroscopic techniques were used to determine the appropriate fluorescent
deoxycytidine analog for probing the transition of duplex DNA into topologically distinct
functional nucleic acid structures. Our conclusion is that neither analog (PdC or tC°) tested is a
perfect reporter. Rather, we suggest the two should be used in conjunction to obtain an overall
description of changes to nucleic acid structure. While tC° has a very good quantum yield that
allows for FDCD analysis, it exhibits only minor changes in fluorescence lifetime between ss- or
dsDNA. PdC, on the other hand, undergoes a substantial decrease in the fluorescence lifetime
when base-paired, but shows no FDCD signal at concentrations appropriate for most biochemical
studies. Hence, we conclude that to map the transition of duplex DNA to other functional forms,
both PdC and tC° at concentrations up to 8.5 μM can be used, depending on the structural
information desired. We are now investigating spectral changes incurred by these probes, when
they are contained within well-known functional DNA structures, such as quadruplex and i-motif
DNA.
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